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PREFACE 


Turn hook, together with the companion hook entitled “ The 
Electric Circuit," is intended to give a student in electrical 
engineering the theoretical elements necessary for the correct 
understanding of the* performance of dynamo-electric machinery, 
transformers, transmission lines, etc. The hook also contains 
the essential numerical relations used in the predetermination of 
the |>erformanoe and in the design of electrical machinery and 
apparatus. The whole treatment is based upon a very few funda¬ 
mental facts and assumptions. The student, must he taught to 
treat every electric machine as a particular combination of electric 
and magnetic circuits, and to hast* its performance upon the 
fundamental electromagnetic relations rather than upon a sepa¬ 
rate " theory ” established for each kind of machinery, as is some¬ 
times done. 

The Ixxtk is not intended for a beginner, hut for a student 
who hax had an elementary descriptive course in electrical engi¬ 
neering and some simple laboratory experiments. The treat¬ 
ment. is somewhat different from that given in most other books 
dealing with magnetic phenomena. It. is hast'd directly upon 
the circuital relation, or interlinkage, lw*tween an electric current 
anti the magnetic flux produced by it. This relation, and 
the law of induced electromotive force, are taken to bo the 
fundamental phenomena of electro-magnetism. No use what¬ 
ever is made of the usual artificial concepts of unit pole, magnetic 
charge, magnetic shell, etc. These concepts of mathematical 
physics, together with the law of inverse squares, embody the 
theory of action at a distance, and are both superfluous and 
misleading from the modem point of view of a continuous action 
in the medium itself. 

The ampere-ohm system of units is used throughout, in 
accordance with Professor Giorgi’s ideas, as is explained in the 
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appendices. Those familiar with Oliver Heaviside's writings 
will notice his influence upon the author, in particular with 
regard, to a uniform and rational nomenclature. The author trusts 
that his colleagues will judge his treatment and nomenclature 
upon their own merits, and not condemn them simply because 
they are different from the customary treatment. 

In the first four chapters the student is introduced into the 
fundamental electromagnetic relations, and is made familiar with 
them by means of numerous illustrations taken from engineering 
practice. Chapters V to IX treat of the flux and magneto¬ 
motive force relations in electrical machinery, first at no load, and 
then under load when there is an armature reaction. The remain¬ 
ing four chapters are devoted to the phenomena of stored magnetic 
energy, namely inductance and tractive effort. The subject is 
treated entirely from the point of view of an electrical engineer, 
and the important relations and methods are illustrated by 
practical numerical problems, of which there are several hundred 
in the text. All matter of purely historical or theoretical interest 
has been left out, as well as special topics which are of interest 
to a professional designer only. An ambitious student will find 
a more exhaustive treatment in the numerous references given in 
the text. 

Many thanks are due to the author's friend and colleague, 
Mr. John F. H. Douglas, instructor in electrical engineering in 
Sibley College, who read the manuscript and the proofs, checked 
the answers to the problems, and made many excellent sugges¬ 
tions for the text. Most of the sketches are original, and are the 
work of Mr. John T. Williams of the Department of Machine 
Design of Sibley College, to whom I am greatly indebted. 

Cornell University, Ithaca, N. Y., 

September, 1911. 
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SUGGESTIONS TO TEACHERS 


(1) This book is intended to be used as a text in a course 
which comprises lectures, recitations, computing periods, and 
home work. Purely descriptive matter has been omitted or only 
suggested, in order to allow the teacher more freedom in his 
lectures and to permit him to establish his own point of view. 
Some parts of the book are more suitable for recitations, others 
as reference in the computing room, others, again, as a basis for 
discussion in lectures or for brief theses. 

(2) Different parts of the book are made as much as possible 
independent of one another, so that the teacher can schedule 
them as it suits him best. Moreover, most of the chapters are 
written according to the concentric method, so that it is not 
necessary to finish one chapter before starting on the next. One 
can thus cover the subject in an abridged manner, omitting the 
last parts of the chapters. 

(3) The problems given at the end of nearly every article are 
an integral part of the book, and should, under no circumstances, 
be omitted. There is no royal way of obtaining a clear under¬ 
standing of the underlying physical principles, and of acquiring 
an assurance in their practical application, except by the solution 
of numerical examples. It is convenient to assign each student 
the complete specifications of a machine of each kind, and ask 
him to solve the various problems in the text in application to 
these machines, in proportion as the book is covered. Numer¬ 
ous specifications and drawings of electrical machines will be 
found in the standard works of E. Arnold, H. M. Hobart, 
Pichelmayer and others, mentioned in the footnotes in the 
text. A first-hand acquaintance with these classical works on 
the part of the student is very desirable, however superficial this 
acquaintance may be. 
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(4) The book contains comparatively few sketches; this gives 
the student an opportunity to illustrate the important relations 
by sketches of his own. Making sketches and drawings of electric 
machines to scale, with their mechanical features, should be one 
of the important features of an advanced course, even though it 
may not be popular with some analytically-inclined students. 
Mechanical drawing develops precision of judgment, and gives 
the student a knowledge of machinery and apparatus that is 
tangible and concrete. 

(5) The author has avoided giving definite numerical data, 
coefficients and standards, except in problems, where thej^ are 
indispensable and where no general significance is ascribed to 
such data. His reasons are: (a) Numerical coefficients obscure 
the general exposition. ( b ) Sufficient numerical coefficients and 
design data will be found in good electrical Mnd-books and pocket- 
books, one of which ought to be used in conjunction with this 
text. ( c ) The student is liable to ascribe too much authority to 
a numerical value given in a text-book, while in reality many 
coefficients vary within wide limits, according to the conditions 
of a practical problem and with the progress of the art. ( d ) 
Most numerical coefficients are obtained in practice by assuming 
that the phenomenon in question occurs according to a definite law, 
and by substituting the available experimental data into the corre¬ 
sponding formula. This point of view is emphasized throughout 
the book, and gives the student the comforting feeling that he 
will be able to obtain the necessary' numerical constants when 
confronted by a definite practical situation. 

(6) The treatment of the magnetic circuit is made as much 
as possible analogous to that of the electrodynamic and electro¬ 
static circuits treated in the companion book. The teacher will 
find it advisable to make his students perfectly fluent in the use 
of Ohm's law for ordinary electric circuits before starting on the 
magnetic circuit. The student should solve several numerical 
examples involving voltages and voltage gradients, currents and 
current densities, resistances, resistivities, conductances, and 
conductivities. He will then find very little difficulty in master¬ 
ing the electrostatic circuit, and with these two the transition 
to the magnetic circuit is very simple indeed. The following 
table shows the analogous quantities in the three kinds of cir¬ 
cuits. 
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Electrodynamic 

r Voltage or e.m.f. 

\ Voltage gradient (or 
L electric intensity) 

/ Electric current 
\ Current density 

r Resistor 
■j Resistance 
l Resistivity 

{ Conductor 
Conductance 
Conductivity 


Electrostatic 

Voltage or e.m.f. 
Voltage gradient (or 
electric intensity) 

Dielectric flux 
Dielectric flux density 

Elastor 

Elastance 

Elastivity 

Permittor (condenser) 
Permittance (capacity) 
Permittivity (dielec¬ 
tric constant) 


Magnetic 

Magnetomotive force 
M.m.f. gradient (or 
magnetic intensity) 

Magnetic flux 
Magnetic flux density 

Reluctor 

Reluctance 

Reluctivity 

Permeator 

Permeance 

Permeability 




LIST OF PRINCIPAL SYMBOLS 


The following list comprises most of the symbols used in the text. Those 
not occurring here are explained where they appear. When, also, a symbol 
has a use different from that stated below, the correct, meaning is given 
where t he symbol occurs. 


Symbol, 

a 

a 

A 

Aa 

Ai 

WO 

h 

h 

h* 

H 

Bm 

O 

('pp 

d 

e, B 

f 

F 

Ft 

Ft 

// 

Ilm 
h / 

1* 

/» 

k,k' 

h* 

h 

h x 

h)§ 

l 


Meaning, 

Air-gap ........ 

Width of commutator segment... 

Area...... 

Area of flux per tooth pitch in the air... 

Area of flux per tooth pitch in the iron........ 

Number of mnpere-eonductors per centimeter.. . 

Thickness of transformer coil .. 

Width of brush......... .... 

Thickness of mica. . ..... 

Flux density... 

Maximum value of the flux density. ... 

Number of secondary conductors.. ........... 

Conductors per poles per phase. . . ... . 

Duct width... 

Electromotive force,......................... 

Frequency.... 

Mechanical force*............. ... 

Tension per square eentimeter... 

Compression per square centimeter ........... 

Magnetic intensity. . .. 

Maximum value of the magnetic intensity.. 

Electric current. .......* 

Magnetising current..* .. 

Current per armature branch................. 

Transformer constant.. .... 

Ain-gap factor. . . .... 

Breadth factor ............................. 

Blot factor.... .*.* ■ 

Winding-pitch factor, ... 

length.. 


Pago when* tiffined 
or firnfc UMid. 

.. 90 

. 237 

.. n 

.. 101 

.......... 101 

.. 165 

.......... 211 

.......... 236 

.......... 236 

.......... 14 

. HI 

.......... 133 

.......... 219 

.. 94 

.........39, 65 

.......... 48 

..274 

.......... 243 

.......... 244 

.......... 13 

.. 81 

. 39, 205 

.......... 81 

.......... 233 

...... 215,221 

.......... §6 

....» 65 

... 68 

.. 68 

........... 11 


xv 







































XVI 


LIST OF PRINCIPAL SYMBOLS 


Symbol. 


Meaning. 


Pago whore defined 
or firrtt uaed. 


l a , lg Gross armature length... 90, 102 

U Semi-net armature length. 220 

l n Net armature length. 102 

L Inductance. 184 

m Number of phases.. 09 

M Magnetomotive force.. 7 

M a M.m.f. of armature. 144 

Ma M.m.f. of direct reaction. 153 

M f M.m.f. of field. 144 

M n Net m.m.f.... 144 

M t M.m.f. of transverse reaction. 153 

Mi Demagnetizing m.m.f. 105 

M 2 Distorting m.m.f.. 106 

n Number of turns... 127, 21 1 

nj, Ni Number of turns in primary of a transformer.62, Hi 

N 2 Number of turns in secondary of a transformer. 02 

N Total turns in series. 05 

O m Mean length of turn. 211 

p Number of poles. 133 

P Power...... 48 

<P Permeance. 9 

(P a Permeance of air-gap. 89 

(Pa Equivalent permeance around conductors in the ducts per cm.. 220 

(P c Permeance of the path of the complete linkages.. 182 

dV Equivalent permeance around the end-connections per cm..... 220 

(Peq Equivalent permeance. 184 

<Pi' Equivalent permeance around embedded conductors per cm.. . 220 

(Pp Permeance of the path of the partial linkages... 182 

(P» Permeance of simplified air-gap... 90 

<Pz Zig-zag permeance. 228 

q Number of sections in a transformer... 213 

q Number of turns per commutator segment......._ ........ 285 

r, R Resistance..... ....... 51, 177 

(R.P.M.) Speed in revolutions per minute... 260 

CR Reluctance......., 7 

$ Distance. *244 

s Number of coils short-circuited by a brush................... 236 

8 Slot width......,.. , 113 

S Number of slots per pole per phase..,... 68 

S Surface area. .... 244 

t Thickness of laminations.,,.j§| 

t Time............ , 9 

t Tooth width.......,.. 93 

t f Tooth width corrected.. 93 

T Time of one cycle... §4 

T Torque.... . . ....... 25B 
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Symbol. Meaning. P Trtafuslcr d 

v Velocity. 59 

v Volts per ampere turn. 155 

V Volume. 39 

w, w p Pole width. 90, 166 

W Energy. 39 

W' Density of energy. 240 

Wm Mechanical work done. 250 

W 8 Energy stored in the magnetic field. 250 

x Reactance. 144 

a Angle. 69 

a Coefficient. 220 

P Phase angle. 150 

T Angle. 75 

8 Brush shift in cm. 163 

£ Eddy-current constant. 51 

£ Winding pitch. 71 

r] Hysteresis coefficient. 48 

0 Angle. 253 

A Tooth pitch. 93 

l* Permeability. 11 

v Reluctivity. 11 

f Pole pitch. 64 

<f> External phase angle. 144 

<f>' Internal phase angle. 144 

<P Flux. 7 

Maximum value of the flux. 81 

$p Flux in the path of the partial linkages. 182 

$i Primary leakage flux. 86 

$2 Secondary leakage flux. 86 

X Form factor. 65 

% a Amplitude factor. 84 

(ft Angle between current and no-load e.m.f. 144 

OJ Angle. 197 

Note: A careful distinction is made in the book between the 
expressions “ centimeter cube ” and “ cubic centimeter.” Centi¬ 
meter cube means a cube having its side equal to one centimeter; 
one cubic centimeter is a volume, no matter what the shape of 
the body may be. We speak of reluctance per centimeter cube, 
and of magnetic energy per cubic centimeter. 
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RUAl’TKR I 

THE FUNDAMENTAL RELATION BETWEEN FLUX 
AND MAGNETOMOTIVE FORCE 

1. A Simple Magnetic Circuit. The only known cause of 
magnetic phenomena in an eleetrie current, or, more generally, 
electricity in motion. 1 The fundamental relation between an 
electric current ami magnetism can be bent studied with the simple 
arrangement shown in Fig. I. A coil, (V f of very thin wire* is uni- 
formly wound in one layer on a spool made in the shape of a circu¬ 
lar ring (toroid). The tubular space inside of the ring is filled with 
some 11 non-magnetie H material, ho called; for instance, air,* wood, 
etc. When a direct current is sent through the? coil, the space 
inside the eoit is found to be in a peculiar state, called the magnetic 
Htnte, This magnetic* state* can bo experimentally proved by 
various means, such as a compass needle, iron filings, etc. A 
region in whieh a magnetic state* is manifested is called a magnetic 
field. Thus, in Fig. 1, the* tubular spare inside the coil is the mag¬ 
netic field excited by the* current in the coil C(\ 

No magnetic field is found in the space outside the coil upon 
exploring it with a magnetic needle or with iron filings* For 
reasons of symmetry, the field inside the ring is the same at all 
the cross-sections. Thus, a uniformly wound ring constitutes 

* Werner v, Siemens, Wmlmumn'n A nmlm, Vol, 24, (1885), p. 04; h &r» 
mar, Ether anti M alter (HKH), p, 108, The magnetism of a permanent magnet 
, probably due to molecular currents produced by some orbital motion of 
electrons within the atoms of iron. The older concepts of magnetic charges 
and free failes am summarily dismissed in this book m inadequate ami 
artificial 



2 


THE MAGNETIC CIRCUIT 


[Aht. 1 


the simplest magnetic circuit, because the field is uniform and is 
entirely confined within the winding. 

Iron filings orient themselves within the coil in directions indi¬ 
cated in Fig. 1 by the concentric lines with arrow-heads. These 
lines show that the medium is “ magnetized ” along circles con¬ 
centric with the ring. Lines which show the directions in which a 
medium is magnetized are generally called magnetic lines of force. 1 
They are analogous to the lines of electrostatic displacement, 
though their directions and physical nature are entirely different; 



see Chapter XIV on the dielectric circuit, in the author's 
Electric Circuit . 

The positive direction of the lines of force is purely conven¬ 
tional, and is defined as that in which the north-seeking end of a 
compass moves. Its relation to the current is, by experiment, that 
given by the right-hand screw rule. Namely, if the direction of 
the flow of a current is that of the rotation of a right-hand screw, 
the lines of force point in the direction of the progressive move¬ 
ment of the screw. Reversing the current reverses the direction 

1 For actual photographs, showing iron filings which map out the magnetic 
field inside of cods of various shapes, see Dr. Benischke, Die Wissenschqft- 
lichen Grundlagen der Elektrotechnik (1907), p. 126; also his Tramformatomn 
(1909), pp. 4, 6, and 67. 
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of the held; thin fact can be demonstrated by a small compass 
needle. The positive direction of the lines of force is indicated 
in Fig. I by arrow heads. The direction of the current is shown 
in the conventional way by dots and crosses; namely, a dot 
indicates that the current is approaching the observer, while a 
cross indicates that the current is receding. 

The magnetic state within the coil can also be explored by a 
smell test-coil inserted into the held and connected to a galvanom¬ 
eter. When this coil is properly placed with respect to the field 
and then turned about its axis by some angle., the galvanometer 
shows a deflection, because a current is induced in the coil by the 
magnetic field. There are also other means for detecting a mag¬ 
netic field, for which the reader is referred to books on physics. 

The total magnetic field produced by a current is called a 
magnetic circuit, by analogy with the electric and the electrostatic 
circuits. Experiment shows that the magnetic lines of force are 
always (dosed curves like the stream lines of an electric current, or 
like the lines of electrostatic displacement (when these are com¬ 
pleted through the conductors). 

Fig. 1 exemplifies a fundamental law of tdeetromagnetism; 
nam ely, an electric current creates a magnetic*, field in such diree- 
t rnmndlaT^ the lines of flow of the 

current, in the sa me manner that the consecutive links of a chain 
are linkeJToS^^ This law admits of no theoretical proof, and 
must be accepted as a fundamental experimental fact. Wherever 
there is an electric circuit there is also a magnetic field linking 
with it. The two are inseparable, and increase and decrease 
together. Each form of an electric circuit with a certain strength 
of current in it corresponds to a definite form of magnetic field. 
It is possible that the electric current and the magnetic field 
are but two different ways of looking upon one and the same 
phenomenon. 

The linkages of magnetic lint's with a current are seen more 

(dearly in Fig, 11, which shows the magnetic field produced by a 
loop of wire, an. It will be seen that the arrangement in Fig. 1 
itt more suitable for an elementary study,because the field is much 
mom uniform, especially if the radial thickness of the ring is 
small as compared to its mean diameter, so that all the lines of 
force am of practically the same length. 

The same right-hand screw rule applies in the case of Fig. 11 
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as in Fig. 1. When the current in the loop of wire circulates in 
the direction of rotation of a right-hand screw (toward the reader 
on the left), the lines of force within the loop point in the direc¬ 
tion of the progressive movement of the screw (upward). The 
rule can be reversed by saying that when the direction of the 
lines of force around a wire is that of the rotation of a right-hand 
screw, the current in the wire flows in the direction of the pro¬ 
gressive movement of the screw. The first statement is con¬ 
venient in the case of a ring winding, the second in the case of a 
long straight conductor. Both rules can be combined into one 
by considering the exciting electric circuit and the resulting mag¬ 
netic circuit as two consecutive links of a chain. When the arrow¬ 
head in one of the links (no matter which) points in the direction 
of rotation of a right-hand screw, the arrow-head in the other link, 
as it passes through the first, must point in the direction of the 
progressive movement of the screw. 

2. Magnetomotive Force. Experiment shows that t he mag¬ 
ne tic field within the ring (F ig. 1) dpes not change if the current 
and the nu mber of turns of the “ exciting~ 7T ^^ “so th at 

ffiei r^product remains the same ! That is to say, 500 turns of 
wire with a current of 2 amperes flowing through each will pro¬ 
duce the same field as 1000 turns with 1 ampere, or 200 turns with 
5 amperes, because the product is equal to 1000 ampere-turns in 
all cases. Even one turn with 1000 amperes flowing through it 
will produce the same effect, provided that the turn is made of 
a wide sheet of metal spread over the whole surface of the ring, 
so as to make its action uniform throughout. 

The reason for the above can be seen by considering 1000 
separate turns with a current of 1 ampere flowing through each 
turn, and each turn supplied with current from an independent 
electrical source, say a dry cell. Connecting all the cells and all 
the turns in series gives 1000 turns with one ampere flowing 
through each. Connecting the cells and the turns in parallel 
results in one wide turn with 1000 amperes of current in it. 
Such changes in the electrical connections cannot affect the action 
of each current outside the wire, because the value of the current 
and the position of the turn is the same in both cases. Hence, 
the magnetic action depends only upon the number of turns each 
carrying 1 ampere, in other words, it depends upon the num¬ 
ber of ampere-turns. 
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T he n umber of ampere-turns of the exciting windi ng in called 

the watjnrWmatiw[ Jorcc .j>f the niagnetic..^dnaxit, because these 

ampere-turns mv the cause of the magnetic field. One ampere- 
turn in the logical unit of magnetomotive force. In the example 
above, the magnetomotive force in equal to 1000 ampere-turns. 

In electric machines the field excitation often reaches several 
thousand ampere-turns, and the magnetomotive force is for con¬ 
venience sometimes measured in kiloampere-turns, one kilo- 
ampere-turn being equal to 10(H) ampere-turns. 

3- Magnetic Flux. The magnetic disturbance at each point 
within the ring has not only a direction, but also a magnitude. The 
disturbance is said to be in the form of a jlux } for the following 
reason: One may think of the magnetic state as being cine to the 
actual displacement of some hypothetical incompressible sub¬ 
stance along the lines of force; in this case the flux represents the 
amount of this substance displaced through each cross-section of 
the ring, and is analogous to total electrostatic displacement,. Or, 
as some modern writers think, there* is an actual flow of an incom¬ 
pressible ether along the lines of force. In that case the flux may 
be thought of as the rate* of flow of the ether through a cross-sec¬ 
tion. The viewpoint common to these two explanations gave 
rise to the* name flux which means flow. 

Home physicists consider the* magnetic circuit as consisting 
of infinitely subdivided (though closed) whirls or vortices in the 
ether, tlu* rotation being in planes perpendicular to the lines of 
force. Each line of force is considered, then, as the geometric 
axis of an infinitely thin fiber or tube of force, and the ether within 
each tube in a state of transverse vortex motion. The line of 
force represents the direction of the axis of rotation, and the flux 
may be thought of as the momentum of the rotating substance 
per unit length of the tubes of force. According to any of these 
three views, the energy of a current is actually contained in the 
magnetic circuit linked with the current. 

Whichever view is adopted, the magnetic flux can be defined «s_ 

t he sum total of magnetic disturf*^ per-. 

pcmdieulttr tp_the ljncH of force. Experiment shows that the total 
lux is the same thnnqj^ cross-sections of a magnetic 

circuit. Tins could have been expected from the point of view 
of a displacement or flow along the lines of force; each tube of 
force being like a channel within which the displacement or the 
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flow of an incompressible substance takes place. For this reason 
the magnetic flux is said to be solenoidal (i.e. ; channel-shaped). 

The familiar law of electromagnetic induction discovered by 
Faraday is used for the definition of the unit of flux. Namely, when 
the total magnetic disturbance or flux within a turn of wire 
changes, an electromotive force is induced in the turn. By experi¬ 
ments in a uniform field, the fact is established that the value of 
the induced electromotive force is exactly proportional to the rate 
of change of the flux linking with the test loop. This fact is 
used in the definition of the unit of flux. 

With the volt and the second as the units of e.m.f. and of 
time respectively, the corresponding unit of flux is called the 
weber , and is defined as follows: A flux through a turn of wire 
changes at a uniform rate of one weber per second when the e.m.f 
induced in the turn remains constant and equal to one volt. Hueh 
a unit flux can be also properly called the volt-second, though as 
yet neither name has been recognized by the International Electro¬ 
technical Commission. The weber or the volt-second is too large 
a unit for most practical purposes. Therefore a much smaller 
unit, called the maxwell, 1 is used, which is equal to one one-hun¬ 
dred-millionth part of the weber, or 

one maxwell = one weber X10"“ 8 . 

The lines of force in Figs. 1 and 11 can Too made to represent 
not only the direction of the field, but its magnitude as well, if they 
be drawn at suitable distances from each other. That is, such 
that the total number of lines passing through any part of a 
cross-section of the ring is equal numerically to the number of 
maxwells in the flux through the same part. With this conven¬ 
tion, each line stands symbolically for one maxwell; some engi¬ 
neers and physicists speak of the number of lines of force in a flux 
when they mean maxwells. 

While the weber is too large a unit, the maxwell is too small for 
many practical purposes. Therefore two other intermediate units 

1 The origin of the maxwell becomes clear when one remembers that the 
volt was originally established as 10* electromagnetic C.G.S. unit of electro¬ 
motive force. The maxwell is related to the C.G.S. unit of e.m.f. or the so- 
called abvolt in the same way in which the weber is related to the ordinary 
volt. In other words, when the flux within a coil varies at the rate of <m 
maxwell per second, one abvolt is induced in eac % . turn of the winding. 
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are used, namely the 1 kiln-maxwell, equal to one thousand max¬ 
wells, anti the mega-maxwell, equal to one million maxwells, 
f l he,so two units a re sometimes called the kilo-line and the tnegu- 
line, the word “ line' ’* being used for the word maxwell, as 
explained above. 1 

Prob. 1. The flux within (hecoil (Fig;. 1) is equal to (»3 kilo-maxwells. 
A test roil of five turns is wound on the exciting eoil so as to be linked 
with the total flux, What voltage 1 is induced in this test, eoil when the 
current in the main (exciting) eoil is reduced to zero at a uniform rate 
in seven seconds? A us, ().-lo millivolt. 

Prob. 2. At what rate' must the flux be varied in the preceding 
problem in order to induce one volt in the test eoil? 

Ann. 0.12 wober (20 megalinoH) per second. 

Prob. 3, When the flux varies at a non-uniform rate show that the 
voltage induced in the teat eoil at any instant is equal to ~n (d<P/dt) 
XlO \ where n is the number of turns in series, t is time in seconds, and 
0 is the flux in maxwells. Show that the exponent of 10 must bo —2 
instead of -8 if the flux is expressed in megalinoa. 

4. The Reluctance of a Magnetic Path. Experiment shows that 
the total flux within the eoil (Fig. i) is proportional to the applied 
magnetomotive force, when the space inside is filled with air. 
Therefore, a relation similar to Ohm’s law holds, namely, 

M <R0, ........ (1) 

where M is the magnetomotive force in ampere-turns, 0 is the* flux 
in maxwells, and (ft is the eoeflieient of proportionality between 
the two, called the rrhwtnncr of the magnetic circuit. Script (ft is 
used to distinguish reluctance from electric resistance. The mag¬ 
netomotive force hi is the muse of the flux; or, with reference to 
nn electric circuit, M is analogous to the applied electromotive 
force. 0 is analogous to the resulting current, and the reluctance 
(ft takes place of the electric resistance. Therefore, cap (1) is 
known as Ohm's law for the magnetic circuit. Of course, the 

* This possibility of emit lag new units of convenient «me is a great 
fid vantage of the metric or decimal system of units. New units am gener¬ 
ally understood, by the use* of Latin and <*reek prefixes, minifying their 
numerical relation to the fundamental unit, For instance, it is perfectly 
legitimate to use such units as ded-amjwre and hocto-volt, in spite of the 
fact tlwit they am not in general use. Anyone familiar with the agmxl 
prefix** will know that the units spoken of are equal to one-tenth of one 
ampere, and to one hundred volte. Hims Appendix I on the Amporo-Ohxn 
Hyfttam. 
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analogy is purely formal, the two sets of phenomena being entirely 
different. An equation similar to (1) can be written for the flow 
of heat, of water, etc. It merely expresses the experimental fact 
that, for a certain class of phenomena, the effect is proportional 
to the cause. 

If the space within the coil be filled with practically any known 
substance, solid, liquid, or gaseous, the reluctance (R remains 
within less than ± 1 per cent of the value which obtains with air. 
The notable exceptions are iron, cobalt, nickel, manganese, chro¬ 
mium, and some of their oxides and alloys. 1 When the circuit 
includes one of these so-called “ ferro-magnetic ” substances, a 
much larger flux is produced with the same m.m.f., that is, the 
reluctance of the circuit is apparently reduced to a considerable 
extent. Moreover, this reluctance is no longer constant, but 
depends upon the value of the flux. The behavior of iron and 
steel in a magnetic circuit is of great practical importance, and is 
treated in detail in Chapters II and III. 

The definition of the unit of reluctance follows directly from 
eq. (1). A magnetic circuit has a unit reluctance when a magneto¬ 
motive force of one ampere-turn produces in it a flux of one 
maxwell. 2 No name has been given to this unit so far. The author 
ventures to suggest the name rel , and he uses it provisionally in this 
book. Granting that reluctance is a useful quantity in magnetic 
calculations, one must admit that it should be measured in some 
units of its own; unless one chooses to use the cumbersome nota¬ 
tion “ ampere-turns per maxwell.” The name rel is simply the 
beginning of the word reluctance. Thus, a magnetic circuit has 
a reluctance of one rel when one ampere-turn produces one 
maxwell of flux in it. The unit rel is analogous to the ohm in the 
electric circuit, and to the daraf in the electrostatic circuit. 

Prob. 4. What is the reluctance of the magnetic circuit in Fig. 1 
if 47,600 ampere-turns produce a flux of 2.3 kilo-maxwells? 

Ans. 47,600/2300=20.7 rels. 

Prob. 5. How many ampere-turns are required to establish a flux 
of 1.7 megalines through a reluctance of 0.0054 rel? Ans. 9180. 

Prob. 6. A wooden ring is temporarily wound with 330 turns of 
wire; when a current of 25 amperes is flowing through the winding the 

1 See Dr. C.P. Steinmetz, Magnetic Properties of Materials, Electrical 
World, Yol. 55 (1910), p. 1209. 

2 See Appendix I at the end of the book. 
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flux is found to be equal to 21 kilo-maxwells. The permanent winding 
on the same ring must produce a flux of 65.1 kilolines at a current of 
9.3 amperes. How many turns will be required? Ans. 2750. 

6. The Permeance of a Magnetic Path. In calculations per¬ 
taining to the electric circuit it is convenient to deal with the recip¬ 
rocals of resistances when conductors are connected in parallel. 
The reciprocal of a resistance is called a conductance and is meas¬ 
ured in mhos if resistance is measured in ohms. Similarly, a die¬ 
lectric is characterized sometimes by its elastance, at other times 
by the reciprocal of its elastance, which is called permittance. 
When permittance is measured in farads, elastance is measured in 
darafs (for the use of these units see Chapter XIV in the author’s 
Electric Circuit ). 

Analogously, when two or more magnetic paths are in parallel 
it is convenient to use the reciprocals of the reluctances. The 
reciprocal of the reluctance of a magnetic path is called its per - 
meance; eq. (1) becomes then 

0 = (PM, .(2) 

where 

(P = \/(R .(3) 

A script (P is used for permeance in order to avoid confusing it 
with power. For the unit of permeance corresponding to the 
rel, the author proposes the name perm . A magnetic path has a 
permeance of one perm when one maxwell of flux is produced for 
each ampere-turn of magnetomotive force applied along the path. 

The unit “ perm ” has been in use among electrical designers 
for some time, although no name has been given to it. Notably 
Mr. H. M. Hobart has used it extensively in his writings, 
in the calculation of the inductance of windings. He speaks of 

“ magnetic lines per ampere-turn per unit length ” (of the 

embedded part of a coil). This is equivalent to perms per unit 
length. 

In the ampere-ohm system the internationally accepted unit 
of permeance is the henry. 1 Therefore, if in eq. (2) M is measured i 
in ampere-turns and 0 in webers, (P is in henrys, and no new unit 
for permeance is necessary. In this case the reluctance (R in eqs. 

1 Although the henry is defined as the unit of inductance, it is shown in 
Art. 58 below that permeance and inductance are physically of the same 
dimensions and hence measureable in the same units. 
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(1) and (3) is in henrys" 1 ; or spelling the word henry backwards, 
as in the case of mho and daraf, the natural unit of reluctance in 
the ampere-ohm system gets the euphonious name of yrneh (to be 
pronounced earney). 

Since, however, the maxwell is used almost exclusively as the 
unit of flux, it seems advisable to introduce the rel and the perm 
as units directly related to it. Should engineers gradually feel 
inclined to use the weber and its submultiples as the units of flux, 
then the henry, the yrneh, and their multiples and submultiples 
would naturally be used as the corresponding units of permeance 
and reluctance. 

We have, therefore, the two following systems of units for 
reluctance and permeance, according to whether the maxwell or 
the weber is used for the unit of flux: 


Unit of m.m.f. 

Unit of flux 

Unit of 

Unit of 

permeance 

reluctance 

Ampere-turn 

Maxwell 

Perm 

Eel 

Ampere-turn 

Weber 

Henry 

Yrneh 


One perm = 10“ 8 henry; one rel = 10 8 yrnehs. 


Prob. 7. What is the permeance of the magnetic circuit in prob. 4? 

Ans. 0.0483 perm. *4.83 X10- 10 henry. 

Prob. 8. What is the permeance of the ring in prob. 6? 

Ans. 2.545 perm. * 0.02545 microhenry. 

Prob. 9. How many ampere-turns are required to maintain a flux 
of 2.7 megalines through a permeance of 750 perms? Ans. 3600. 

6. Reluctivity and Permeability. The reluctance of a magnetic 
path varies with the dimensions of the path according to the same 
law as the resistance of an electric conductor or the elastance of a 
dielectric. That is to say, the reluctance is directly proportional 
to the average length of the lines of force and is inversely propor¬ 
tional to the cross-section of the path. This relationship can be 
verified by measurements on rings of different dimensions (Fig. 1). 
When the diameter of the ring is increased twice, keeping the same 
cross-section, the length of the path of the flux is also increased 
twice. Experiment shows that the new ring requires twice as 
many ampere-turns as the first one for the same flux; or, only one- 
half of the flux is produced with the same number of ampere- 
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turns. If the diameter of the ring is kept the same but the cross- 
section of the path is increased twice, the flux is doubled with the 
same magnetomotive force. These and similar experiments show 
that the reluctance and the permeance of a uniform magnetic path 
obey the same law as the resistance and the conductance of a con¬ 
ductor, or the elastance and the permittance of a prismatic slab 
of a dielectric. 

We can therefore put 

(Fl — vl/A, .(4) 

where l is the mean length of the path, A is its cross-section, and 
v is a physical constant. By analogy with resistivity and elastiv- 
ity, v is called the reluctivity of a magnetic medium. If (R is in rels, 
and the dimensions of the circuit are in centimeters, v is in rels per 
centimeter cube. In other words, the reluctivity of a magnetic 
medium is the reluctance of a unit cube of this medium when the 
lines of force are parallel to one of the edges. For air and all other 
non-magnetic substances the experimental value of v is 0.8 rel per 
centimeter cube, 1 or 0.313 rel per inch cube. 

The expression for permeance corresponding to eq. (4) is 

(P = liA/l, .(5) 

where the coefficient /x is called the permeability of the magnetic 
medium. It corresponds to the electric conductivity j and the 
dielectric permittivity k. Since the permeance of a path is the 
reciprocal of its reluctance, the permeability of a medium is the 
reciprocal of its reluctivity, or 

^ 1A.. (6) 

When the perm and the centimeter are used for the units of per¬ 
meance and length, permeability is expressed in perms per centi¬ 
meter cube. For all non-magnetic materials /x—1.25 perms per 
centimeter cube (more accurately 1.257). With the henry and the 
centimeter as units /x= 1.257X10” 8 henries per centimeter cube. 
In the English system /x=3.19 perms per inch cube for non- 

1 More accurately 0.796 rel per centimeter cube. As a rule, magnetic 
calculations are much less accurate than electrical calculations, because there 
is no “magnetic insulator” known, so that there is always some magnetic 
leakage present, which is difficult to take into consideration. For this reason 
the value 0.8 is sufficiently accurate for most practical purposes. 
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magnetic materials. For magnetic materials fi is considerably 
larger than for non-magnetic, and varies with the field strength. 
In calculations either reluctivity or permeability is used, according 
to the conditions of the case and the preference of the engineer. 

The student has probably heard before that the permeability of 
air is assumed equal to unity. The discrepancy between this com¬ 
monly accepted value and the value 1.25 given above, is due to a 
different unit of magnetomotive force, called the gilbert, which is 
sometimes employed. The author considers the gilbert to be 
of doubtful utility, for reasons stated in Appendix II; hence no 
use is made of it in this book. 

Prob. 10. Assuming the value of = 1.257 to be given, check the 
value of fi =3.19 in the English system, and also the values of v in the 
metric and the English systems, as given above. 

Prob. 11. In prob. 4 the reluctance of a ring was 20.7 rels. If the 
cross-section of the ring is 120 sq. mm., what is the average diameter of 
the ring? Ans. 9.9 cm. 

Prob. 12. How many ampere-turns are required to establish a flux 
of 47 kilolines in a ring of rectangular cross-section, made of non-magnetic 
material; the radial thickness of the ring is 8 cm., the axial width 11 cm. 
and the average radius 16 cm? Ans. About 43 kiloampere-tums. 

Prob. 13. How many ampere-turns would be required in the preced¬ 
ing problem for the same flux if the ring were made of iron, the relative 
permeability of which (with respect to air) is 500? 

Ans. 86 ampere-turns. 

7. Magnetic Intensity. In order that the student may better 
appreciate the significance of the concept of magnetic intensity, 
it is advisable to.refresh in his mind the corresponding quantity 
used in the electric circuit, viz., the electric intensity. Namely, in 
problems on the electric and the electrostatic circuit it is some¬ 
times desirable to consider not only the total voltage, but also 
the voltage used up or balanced per unit length of the path along 
which the electricity flows or is displaced. This quantity, the 
rate of change of voltage along the circuit, is known as the electric 
intensity, or the voltage gradient. It is denoted by G (see the 
Electric Circuit ), and is measured in volts per linear centimeter. 
When the voltage drop is uniform along a conductor or a dielectric, 
G=E/l , where E is the voltage between the ends of the part of the 
circuit under consideration, and l is the corresponding length. 
When the voltage drop is not uniform, G is different for different 
points along the path, and for each point G=dE/dl. 
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In a similar way, the magnetomotive force of a magnetic circuit 
in lined up Lit by bit in the consecutive parts of the circuit. One 
can speak not only of the total magnetomotive force of a cloned 
circuit, but also of the magnetomotive force acting upon a certain 
part of the circuit, and of magnetomotive force per unit length of 
the linen of force. Thus, for instance, if 1000 ampere-turns is con¬ 
sumed in a uniform magnet ic circuit. 1 cm, long, the magnetomo¬ 
tive 1 force per unit length of path is 2f>0 ampere-turns. 

The magnetomotiee force per unit length of path in called the mag¬ 
netic intemity at a point, or the ‘nun ./. gradient, and is denoted by 
//. Thus, if the circuit is uniform, the magnetic intensity at any 
point is 

// /!///, .( 7 ) 

where M is the magnetomotive force acting upon the length l of 
the circuit. If the magnetic circuit is non-uniform, for instance, if 
the cross-section of the ring is different at different places, or if the 
permeability is different at some parts of the circuit due to the 
presence of iron, the m.tn.f. gradient is different at different points, 
and at each point it is expressed by the equation 

//-'■■’ d&t/dlj ....... (8) 

where dM is the nun.f. necessary for establishing the (lux in the 
length dl of the circuit. If M is in ampere-turns, and l is in centi¬ 
meters, // is in ampere-turns per centimeter. 

Eqs. (7) and (K) can he also written in the form 

and 

M • C h Udl. 

Jh 

Them* formula*, expressed in words, simply mean that the magneto¬ 
motive force acting upon a certain part of a magnetic circuit is the 
line integral of the magnetic intensity along the path, or the sum of 
the numfs, used up in the elementary parts of the path. The rela¬ 
tion between M and II will become clearer to the student in the 
various applications that follow. 

Prob* 14 What is the magnetic intensity in proh. 12? 

Ann. About 425 ampere-turns per cm. of path. 


.... (9) 

. . . . (H» 
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8. Flux Density. It is often of importance to consider the flux 
density , or the value of a flux per unit of cross-section perpendicular 
to the direction of the lines of force. Flux density is usually 
denoted by B, and is measured in maxwells (or its multiples) per 
square centimeter. 1 When the flux is distributed uniformly over 
the cross-section of a path, the flux density 

B = $/Aj .( 11 ) 

where A is the area of the cross-section of the path. If the flux is 
distributed non-uniformly, an infinitesimal flux d® passing through 
a cross-section dA must be considered. In the limit, the flux den¬ 
sity at a point corresponding to dA is 

B = d@/dA .(12) 

The areas A and dA are understood to be at all points normal 
to the direction of the field. Solving these two equations for the 
flux we find 

.(13) 

or 

® = £ A B-dA, .(14) 

the integration being extended over the whole cross-section of the 
path. Expressed in words, these last two formulae mean that 
the total flux passing through a surface is equal to the sum of the 
fluxes passing through the different parts of that surface. 

Magnetic flux density is analogous to current density E7, and 
to dielectric flux density D treated in the Electric Circuit The 
student will find no difficulty in interpreting eqs. (11) to (14) 
from the point of view of the electric and electrostatic circuits. 

The relation between B and H is obtained from eq. (1) in which 
the value of (R is obtained from eq. (4). Namely, we have 

M=<Pvl/A, 

or 

M/Z= (0/A)v. 

1 Some writers express flux density in gausses, one gauss being equal to 
one maxwell per square centimeter. The unit kilogauss, equal to one kilo- 
maxwell per square centimeter, is also used. While the terms gauss and 
kilogauss are convenient abbreviations, no use is made of them in this bdok 
in order to keep the relation between a flux and the cross-section of its path 
explicitly before the student. 
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'The luHt expression, according to eqs. (7) and (l 1), can bo written 

pimply an 

U /ft,,.(15) 

4 >r, since v-™ 1/ft, 

n till .(io) 


1*a[s, (15) and (10) state Ohm’s law for a unit magnetic path, for 
instance, a path orte centimeter long ami one square centimeter in 
c*ross-seet ion. // is the magnetomotive force between the oppo¬ 
site faces of the cube, ft is the permeance of the cube, and H is the 
flux passing through it. The reader will remember similar equa¬ 
tions (/ > yG and 1)** hG for the unit electrical conductor and the 
tout prism of a dielectric respectively. 

Instead of beginning the theory of the magnetic circuit with 
€H\, (l) and developing it into eq. (10), it is possible to begin it with 
€*q> (10), Namely, the known magnetic phenomena show that 
tit each point in the medium there is a magnetic intensity H which 
in the eause of the magnetic state, and that the effect is measured 
I»y the flux density B; ft is the physical constant which shows the 
proportionality between 11 and /L The magnetic circuit is then 
itHHumed to be built up of infinitesimal tubes of flux iu series and 
in pa ml lei, and finally eq. (1) is obtained. 

Prob. 15, What h the flux density in prob. 12? 

Ann. 534 maxwells per square centimeter (534 gausses). 

Prob, 16* Hew many ampere-turns per pole are required to establish 
it, flux density of 7 kilolines per square centimeter in the air-gap of a 
machine, the clearance being 3 mm.? Solution: According to eq, (15) 
it ~ 7000 ? 1 *25 ^ 5000 ampere-turns per centimeter of length. Hence the 
required m.m.f* i« JSIIOOXO.3^ 1080 am |hj re-turns. 

9. Reluctances and Permeances in Series and in Parallel. In 
practice, one has to deal mostly with magnetic circuits of irregular 
form, for instance, those of electric machines (Fig. 24) in which 
the flux is estirblkhed partly in air and partly in iron, each of vary¬ 
ing cross-section. The circuit consists in this case of several reluc¬ 
tances in series. One may say, for instance, that the total mag¬ 
netomotive force required in this machine, per magnetic circuit, 
itt HOCK) ampere-turns, of which 0000 are used in the air-gap, 1500 
in the fluid frame, anti 500 in the armature. This is analogous to 
distinguishing between the total cuni. of an electric circuit, and the 
voltage drop in the various parts of the circuit. 
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In some cases two or more magnetic paths are in parallel, for 
instance, when there is magnetic leakage (see below). In most 
cases the engineer has to consider complicated magnetic circuits 
which consist partly of paths in series, partly of paths in parallel. 
Thus, in the same machine, the m.m.f. or the difference of mag¬ 
netic 'potential between the pole-tips is 6500 ampere-turns. This 
m.m.f. maintains a useful flux of say 2.5 megalines through the 
armature, and say 0.5 megaline of leakage or stray flux between 
the pole-tips. Thus the total flux in the field frame is 3 mega¬ 
lines. 

The fundamental law of the magnetic circuit, as expressed by 
eq. (1), is analogous to Ohm's law for the simple electric circuit. 
Therefore magnetic paths in series and in parallel are combined 
according to the same rule that electrical conductors are combined 
in series and in parallel. Namely, when two or more magnetic 
paths are in series, their reluctances are added; when two or more 
magnetic paths are in parallel their permeances are added. Or, 
for a series combination, 

<R v = 2<R, .(17) 

and for a parallel combination 

(P eg = 2(P .(18) 

It will be remembered that similar relations hold also for impe¬ 
dances and admittances in the alternating current circuit, and 
for elastances and permittances in the electrostatic circuit. 

The proof of formulae (17) and (18) is similar to that usually- 
given for the combination of electric resistances in series and in 
parallel. Namely, when reluctances are in series the total mag¬ 
netomotive force is equal to the sum of component m.m.f .s., or 

M eq =IM .(17a) 

Dividing both sides of this equation by the common flux 0 eq. 
(17) is obtained. When permeances are in parallel, the total flux 
is the sum of the component fluxes, or 

.(18a) 

Dividing both sides of this equation by the common M, eq. (18) is 
obtained. 
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One of the reasons for which calculations a,re as a rnle more 
involved and less accurate in the magnetic than in the electric cir¬ 
cuit in that there is no magnetic insulation known 9 and therefore the 
paths of the tlnx in a great, majority of canon cannot be shaped and 
confined at will* Tin* student will appreciate, therefore, the reason 
for selecting a toroidal ring an the nimplent magnetic circuit. If 
the winding in distributed uniformly there is no tendency for mag¬ 
netic leakage, except for a very small amount in and around each 
wire. With almost any other arrangement of a magnetic circuit 
there in a difference of magnetic potential, or an m.m.f. between 
various parts of the circuit, and part of the flux passes directly 
through the path of the least resistance, in parallel with the useful 
path. A familiar example 1 of this is the magnetic leakage between 
the adjacent pole-tips of an electrical machine (Kig.29), or between 
the coils of n transformer (Fig. 50). 

The conditions in a magnetic circuit, are similar to those 
in an imperfectly insulated electric circuit, when it, together with 
its sources of e.m.f., is immersed in a conducting liquid. Fart of 
the current finds its path through the liquid instead of through 
the conductors; tin* current is different in different parts of the 
circuit, ami the calculations are much more involved and less 
accurate, because the paths of the current in an unlimited medmm 
can be estimated only approximately. 

In order to prevent or to minimize leakage the exciting ampere- 
turns should be distributed over the whole magnetic circuit, to 
each part in proportion to its reluctance. Then the m.m.f. is con¬ 
sumed where it is applied, and no free m.m.f. is left for leakage. 
Unfortunately, such an arrangement is impracticable in most 
cam's, though it ought to be approached as nearly as possible (see 
Prob, 17 below). 

If there were a magnetic insulator, that is, a substance or a 
combination the permeability of which was many times lower 
than that of the air, it would be a great lx>on to the electrical 
industry. It would then be possible to avoid magnetic leakage 
by insulating magnetic circuits as perfectly an electric circuits 
are insulated. The absence of leakage would allow a reduction 
m the nm* of the field frame's and exciting coils of direct- and 
lUta'matmg-eurrent machines. It would also jmnnit us to improve 
the voltage regulation of generators and transformers, to raise the 
power factor of induction motors, and to increase their overload 
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capacity; it would also eliminate sparking in commutating 
machines. 

Prob. 17. A long iron rod, having a cross-section of 9.3 sq.cm., is 
bent into a circular ring so that the ends almost touch each other. The 
ring is wound with 500 turns of wire, the winding being concentrated 
around the gap to minimize the leakage. When a current of 2.5 amperes 
is sent through the winding a flux of 74.9 kilo-maxwells is established 
in the circuit. Assuming the reluctance of the iron to be negligible, 
calculate the clearance between the ends of the rod. 

Ans. Between 1.9 and 2.0 mm. 

Prob. 18. What is the length of the air-gap in the preceding problem 
if the estimated reluctance of the iron part of the circuit is 2 milli-rels? 

Ans. 1.7 mm. 

Prob. 19. A magnetic circuit consists of three parts, the reluctances 
of which are (Ri* 3 0.004 rel, (R^* 0.005 rel, and (R 3 = 0.013 rel. The 
paths (R 2 and <R 3 are in parallel with each other and are in series with 
(Ri. What is the total permeance of the circuit? Ans. 131.4 perms. 

ProlJ. 20. In the preceding problem let (R x be the reluctance of the 
steel frame of an electric machine, (R 2 be that of two air-gaps, and the 
armature, and <R 3 the leakage reluctance between two poles. The ratio 
of the total flux in the frame to the useful flux through the armature 
is called the leakage factor of the machine. What is its value in this 
case? Ans. 1.38. 

Prob. 21. Referring to the two preceding problems let the air-gap be 
reduced so as to reduce the leakage factor to 1.2. How many ampere- 
turns will be required to produce a useful flux of 2.1 megalines in the 
magnetic circuit under consideration? Ans. 15,540. 

Prob. 22. Let the cross-section of the magnetic circuit in Fig. 1 be 8 
by 11 cm,, and the mean diameter of the ring 32 cm. An iron ring 
having a cross-section of 4 by 5 cm., and the same mean diameter of 
32 cm., is placed centrally (coaxially) within the coil. How many 
ampere-tons are required to produce a total flux of 47 kilolines (count¬ 
ing that in the air as well as that in the iron), if the estimated relative 
permeability of the iron is 1400? Hint: Let the average flux density in 
the air be Ba, and that in the iron be B*. We have two simultaneous 
equations: 20B; + (88-20)Ba-47, and B t -/Ba-1400. Ans. 134. 

Prob. 23. What per cent of the total flux in the preceding problem 
is in the air? Ans. 0.24 per cent. 

Prob. 24. Show that in a ring, such as is shown in Fig. 1, the flux 
density, strictly speaking, is not uniform, but varies inversely as the 
distance from the center. Solution: Take an elementary tube of flux 
of a radius x. The magnetic intensity at any point within the tube is 
H**M/2nx, and the flux density, according to eq. (16), B** fiMTlnx. 

Prob. 25. What is the true permeance of a circular ring of rectangular 
cross-section, the outside diameter of which is D u the inside diameter D % , 
and the axial width A? Solution: The permeance of an infinitesimal 
tube of radius x is d<? ^ txhdx/2nx. The permeances of all the tubes 
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are in parallel and should be added; lienee, integrating the foregoing 
expression between the limits i I) t and i/) 3 we get: CP ^ (/i/i,/27r)Ln(D l /D 3 ). 

Prob. 26. Show that, when the radial thickness h of a ring is small as 
compared to its mean diameter />, the exact expression for permeance, 
obtained in the preceding problem, differs but little from the approxi¬ 
mate value, fihb/rJ) } used before. Solution: Using the expansion, 
§Ln[(l I .r)/(l ~.r)] .r I |.r 3 \ \ ... and putting 

DJI ):t (/> f b)/(l)-h) (1 fd>//))/(l -•&//)); 
we get (P (uhhlnl))\ l t \{b/I)) 2 I (/>/ 1 ))* t- . . . ]. When the ratio of 
/> to I) is small, all the terms within the brackets except the first one, 
can he neglected. 

Prob. 27. Show that the answer to prob. 12 is 2.1 per cent high on 
account of the density being assumed then* as uniform throughout the 
cross-section of the ring. 



CHAPTER II 


THE MAGNETIC CIRCUIT WITH IRON 

10. The Difference between Iron and Ron-Magnetic Materials. 

Steel and iron differ in their magnetic properties from most other 
known materials in the following respects: 

(1) The permeability of steel and iron is several hundred and 
even thousand times greater than that of non-magnetic materials. 

(2) The permeability of steel and iron is not constant, but 
decreases as the flux density increases. 

(3) Changes in the magnetization of steel and iron are 
accompanied by some sort of molecular friction (hysteresis) with 
the result that the same magnetomotive force produces a different 
flux when the exciting current is increasing than when it is de¬ 
creasing (Fig. 7). 

Besides iron, the four adjacent elements in the periodic system, 
viz., cobalt, nickel, manganese, and chromium, are slightly mag¬ 
netic. Some alloys and oxides of these metals show considerable 
magnetic properties. Heusler succeeded in producing alloys of 
manganese, aluminum, and copper which are strongly magnetic. 
These alloys have not been used in practice so far. 1 

11. Magnetization Curves. The magnetic properties of the steel 
and iron used in the construction of electrical machinery are shown 
in Figs. 2 and 3. These curves are called magnetization curves , or 
B — H curves ; sometimes also the saturation curves of iron . 
The flux density, in kilolines per square centimeter of cross-sec¬ 
tion, is plotted, in these curves, against the ampere-turns per 
centimeter length of the magnetic circuit as abscissae. 

The student may conveniently think of these curves as represent- 

1 For the preparation and properties of Heusler’s alloys see Guthe and 
Austin, Bulletins of Bureau of Standards , Vol. 2 (1906), No. 2, p. 297; Dr. C. 
P. Steinmetz, Electrical World, Vol. 55 (1910), p. 1209; Knowlton, Physical 
Review, Vol. 32 (1911), p. 54. 
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ing the results of tests on samples of iron in ring form, as in Fig. I. 1 
The current in the exciting coil is adjusted to a certain value, and 
the corresponding value of the flux in the iron ring is determined 
by any of the known means, for instance, by a discharge through 



Fig. 2—Magnetization in steel and iron—castings and forgings. 


1 For an experimental study of the magnetic circuit with iron and for 
practical testing of the magnetic properties of steel and iron see Vol. 1, 
Chapters 6 and 7, of the author’s Experimental Electrical Engineering. 
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a secondary coil connected to a calibrated ballistic galvanometer. 
The exciting ampere-turns divided by the average length, of the 
path give the magnetic intensity H. The total flux divided by the 
cross-section of the iron path gives the value of the flux density B, 
which is plotted as an ordinate against H for an absissa. Similar 
tests are made for other values of H and B; the results give the 
magnetization curve of the material. In other words, a magneti¬ 
zation curve gives the relation between the magnetomotive force 
and the flux for a unit cube of the material. By combining unit 
cubes in series and in parallel a relationship is established 
between flux and ampere-turns for a circuit of any dimensions, 
made of the same material. 

The curves shown in Fig. 2 refer to the following materials: (a) 
Cast iron, which is used as the magnetic material in the stationary 
field frames of direct-current machines, and in the revolving-field 
spiders of low speed alternators. It is evident from the curves 
that cast iron is magnetically much inferior to steel; but it is used 
on account of its lower cost and ease of machining, (b) Cast steel, 
which is used for pole pieces, plungers of electromagnets, etc. 
It is used also for the field frames of such machines in which 
economy of weight or space is desired, for instance, in railway 
and crane motors, and in machines built for export, (c) Forged 
steel, which is used for the revolving fields of turbo-alternators, 
on account of the considerable mechanical stresses developed in 
such high speed machines by the centrifugal force. 

The curves in Fig. 3 refer to carbon-steel laminations and to 
silicon-steel laminations. The former is used in the armatures of 
direct and alternating-current machines,the latter mainly in trans¬ 
formers. There is not much difference between the two kinds with 
regards to their B—H curves, but silicon steel shows a much lower 
loss of energy due to hysteresis and eddy currents (see Art. 20 
below). A material of much higher permeability is used for 
armature cores, when it is desired to use very high flux densities 
in the teeth. A magnetization curve for such steel laminations is 
shown in Fig. 28. 

For convenience and accuracy the lower part of each curve in 
Fig. 2 is plotted separately to a larger scale, “ A,” while the upper 
parts are plotted to a smaller scale, “ B.” Thus, Fig. 2 contains 
only three complete magnetization curves. The curve for silicon- 
steel laminations in Fig. 3 is also plotted to two different scales, 
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Fig. 3.—Magnetization in steel laminations. 
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while three different scales are used for the carbon-steel curve. 
The values of H at very low flux densities are unreliable because 
in reality each curve has a point of inflexion near the origin, not 
shown in Figs. 2 and 3 (see Fig. 7). 

The curves given in Figs. 2 and 3 represent the averages of many 
curves obtained from various sources. The iron used in an indi¬ 
vidual case may differ considerably in its magnetic quality from the 
average curve. The value of B obtainable with a given H depends 
to a large degree upon the chemical constitution of the specimen, 
impurities, heat treatment, etc. As a rule, the soft and pure grades 
of steel are magnetically better, that is to say, they give a higher 
flux density for the same magnetizing force, or, what is the same, 
they possess a higher permeability. Annealing improves the 
magnetic quality of iron, while punching, hammering, etc., lowers 
it. Therefore, the laminations used in the construction of elec¬ 
trical machinery are usually annealed after being punched into 
their final shape. This annealing also reduces hysteresis loss. 

12. Permeability and Saturation. Permeability is defined in 
Chapter I as the permeance of a unit cube, or, according to eq. 
(16), as the ratio of B to H. The two definitions are, of course, 
identical. Therefore, the values of permeability for various values 
of B are easily obtained from the magnetization Curves. For 
instance, for cast steel, at B= 15 kilolines per sq. cm. the magnetic 
intensity H is 26 ampere-turns per cm., so that y= 15000/26 — 577 
perms per cm. cube. This is the value of the absolute permeabil¬ 
ity in the amper e-ohm-maxwell system. In most books the relative 
permeability of iron is employed, referring to that of the air as 
unity. Since in the above-mentioned system y=l,25 for air, 
the relative permeability of cast steel at the selected flux density 
is 577/1.25 = 461. 

In practice, the calculations of magnetic circuits with iron are 
arranged so as to avoid the use of permeability y altogether, using 
the B — H curves directly. In some special investigations, how¬ 
ever, it is convenient to use the values of permeability, and also 
an empirical equation between y and B. For instance, see the 
Standard Handbook for Electrical Engineers ; the topic is indexed 
“ permeability—curves/ 7 and “ permeability—equation/ 7 These 
fi—B curves show that there must be a point of inflection in 
the B—H curves at low densities, because the values of y reach 
their maximum at a certain definite density instead of being con- 
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stunt, for the lower part of the curves. Much would be the case if 
the lower parts of the B —II curves were straight lines ; as shown 
in Figs. 2 and 2, because then the ratio of B to II would be con¬ 
stant. However, in ordinary engineering work the lower parts of 
magnetization curves are usually assumed to be straight lines, and 
the permeability constant. 

Three parts can be distinguished in a B—II or magnetization 
curve: the lower straight part, the middle part called the knee of 
the curve, and the upper part, which is nearly a straight line. As 
the magnetic intensity // increases, the corresponding flux density 
H increases more 1 and more slowly, and the iron is said to approach 
migration. With very high values of the magnetic intensity //, 
say several thousand ampere-turns per centimeter, the iron is com¬ 
pletely saturated and the rate of increase of flux density with II is 
the sanu* as in air or in any other non-magnetie material. That is 
to say, the flux density B increases at a rate of l.257 kilolines for 
each kilo-ampere-turn increase in II. Such is the slope of the upper 
curve in Fig. 3. 

In view of this phenomenon of saturation the total flux density 
in iron can be considered as consisting of two parts, one due to the 
presence of iron, the other independent of it, as if the paths of the 
lines of force were in air. These two parts are shown separately 
in Fig. T The part OA f due to the iron, approaches a limiting 
value //*, when* the iron is saturated. The part 0(\ not due to the 
iron, increases indefinitely in accordance with the straight line 
law, jt //, where /t 1.257. The curve 01) of total flux density 

resembles in shape that of (hi, but approaches asymptotically 
a straight line KL parallel to 0(\ 

While it is customary to speak of the saturation in iron as being 
low, high, or medium, the author is not aware of any generally 
recognized method of expressing the degree of saturation numeri¬ 
cally. It seems reasonable to define per cent saturation in iron with 
respect to the flux density B Ml m that, for instance, the per cent 
saturation at the point N is equal to the ratio of I*N* to Ii M . This 
method of defining saturation, while correct theoretically, pre¬ 
supposes that the ordinate B § is known, which is not always the 
case. 

The percentage saturation of a machine is defined in Art. 58 of 
the Bkmiardimtim Rule* of the American Institute of Electrical 
Engineers (edition of 1910) as the percentage ratio of OQ to PN i 
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QN being a tangent to the saturation curve at the point N unrW 
consideration. An objection to this definition is thatdfn«o! 
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md^mitelji on the contrary, the per cent saturation gradually 

decreases to zero beyond a certain value of N Tim ^ y 
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know the value of B ^ A S not necessar y to 
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Fig* 4. A magnetization curve analyzed. 
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estimating it from t lu* results of previous tests, rather than to 
calculate it theoretically. 

Prob. 1 . Samples of cast steel are to bo tested for their magnetic 
quality up to a density of 19 kilolines per square centimeter. They are 
to be in the form of rings, 20 cm. average diameter, and 0.75 nq.em. 
cross-section. For how many ampere-turns should the exciting winding 
be designed, and what is the lowest permeunee of the eireuit, if some 
specimens are expected to have a permeability 10 per rent lower than 
that according to the curve in Fig. 2? 

A ns. 10.1 kiloampcrc-turns; 1.37 perm. 

Prob. 2. Kxpluin the reason for which it is not necessary to know the 
cross-section of the specimens in order to calculate the necessary ampere- 
turns in the preceding problem. 

Prob, 3. Home silicon steel laminations are to be tested in the form of 
a rectangular bunch 20 by 2 by l cm,, in an apparatus called a pennenm- 
eter. The net cross-section of the Iron is 90 per rent of that of the 
packet. It is found for a sample that 330 ampere-turns are required to 
produce a flux of 25.2 kilo-maxw ells, t he ampere-*turns for the air-gaps and 
for the connecting yoke* of the apparatus being eliminated. How does 
the quality of the specimen compare with the curve in Fig. 3? 

An«. The permeability of the sample at B^ 14 is about 5 per cent 
lower than that, according to the curve. 

Prob. 4, What an* the values of the absolute and the relative per¬ 
meability and reluctivity of the* sample in the preceding problem? 

Ana. p p 

relative 003 (numeric) 0,00151 (numeric) 

abffohite H33 perms per cm. cube 0.00120 rcls per cm, cube. 

Prob. 3, What is the maximum permeability of east iron according to 
the curve In Fig, 2? Ann. Aland 000 perms per cm. cube. 

Prob. 0, Mark in Figs. 2 and 3 vertical scales of absolute and relative 
penneahility, m that values of permeability could he* renal off directly by 
laying a straight edge between the origin and the* desired point of tho 
mtignetliiiiiicm curve, 

Prob, 7. What is the percentage of saturation In carbon steel lamina¬ 
tions at it flux density of 20 kilo*maxwells per square centimeter, 
according to Imth definitions given in Art. 12? Aim. 92.5; 8K, 

Prob. 8* An electromagnet has the* dimensions (In cm.) shown in 
1%, 5; the core is made of carbon steel laminations 4 nun, thick, the 
lower yoke Is of east Iron, Hie length of each air-gap is 2 mm.; each 
exciting coll has 450 turns, What is the exciting current for a useful 
flux of 222 illegalities in the lower yoke? Neglect tin* magnetic* leakage 
Iictween the limbs of the electromagnet (this leakage is taken into consid¬ 
eration In the next problem), Solution : With laminations 4 mm. thick 
the space occupied by Insulation between stampings is altogether negligi¬ 
ble; therefore the flux detmity in the steel is the same as in the air gap 
and In equal to 17.2 kl/ttq, em, ; in the east iron the flux density is 11.5 
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kl/sq. cm. One-half of the average length of the path in the steel is 
37.3 cm., and in the cast iron 20.5 cm. Hence, with reference to the 
magnetization curves, we find for one-half of the magnetic circuit (the 
other half being identical, it is sufficient to calculate for one-hair): 

amp.-turns for steel core X 37.3 = 2425 

amp .-turns for one air-gap 0.2 X 0.8 X17200 = 2752 

amp.-turns for the cast-iron yoke 180 X 20.5 = 3690 


Total 8867. 

Ans. The exciting current is 8867/450 = 19.7 amperes. 
Prob. 9. In the solution of the preceding problem the effect of leakage 
is disregarded. It is found by experiments on similar electromagnets 



Fig. 5.—An electromagnet (dimensions in centimeters). 


that the leakage factor is equal to about 1.2, that is to say, the flux in the 
upper yoke is 20 per cent higher than that in the lower one. This means 
that out of every 1200 lines of force in the upper yoke 1000 pass through 
the lower yoke as a part of the useful flux, and 200 find their path as a 
leakage through the air between the limbs, as shown by the dotted lines. 
Calculate the exciting current required in the preceding problem, assuming 
(a) that the total leakage flux is concentrated between the two air-gaps 
along the line aa; (6) that it is concentrated along the line 66, at one- 
third of the distance from the bottom of the exciting coil, that is 6.33 
cm. from the air-gaps. 

Ans. (a) 44.2 amperes; (6) 40 amperes. 

Prob. 10. Show that it is more correct in the preceding problem to 
assume the leakage flux concentrated at one-third of the distance from 
the bottom of the exciting coils, than at the center of the coils. 
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Prob. XI. A ring of forged Htcel has such dimensions that the average 
length of the linen of force in 70 cm. The ring has an air-gap of 1 .5 mm., and 
in provided with an exciting winding concentrated near the air gap no m 
to minimize the leakage. What in the flux density at an m.m.f. of *1000 
ampere-turns? First, Solution: Assume various values of //, calculate the 
corresponding values of the ampere-turns, until the value of // is found, for 
which the required excitation is 4000 ampere-turns (solution by trials). 
Second solution: Ltd. the unknown density bo // and the corresponding 
magnetic intensity in the steel he //. The required excitation for the steel 
is then 70//, and for the air-gap 0.15XO.SX 1000// 120// ampere-turns. 

Therefore, 

70 II f 120// * *1000. 

The values of B and II must satisfy this equation of a straight line,and 
besides they must lw related to each other by the magnetization eurve 
for shad forgings {Fig. 2 ), Hence, // and II are determined by the internee- 
lion of the straight line and the curve. The straight line is determined by 
two of its points; for instance, when II **40, B^ 10; when II — 24, // : 19.3. 
Drawing this line in Fig. 2 we find that the point of intersection corre¬ 
sponds to B*» 10.3. 1 A ns. 10.3 kilolines per sq. cm. 

Prob. 12. Solve the preceding problem, assuming the ring to be made 
of silicon steel laminations: 10 per cent of the spaee is taken by the 
insulation twtween the laminations. 

Am. Flux density in the laminations is 15.2 kl/sq. cm. 

Prob. 13, In a complex magnetic circuit, an air-gap 3 mm. long and 
20 sq. cm. in cross-section is shunted by a cast-iron rod 14 cm. long and 
10 sq, cm. in cross-section. What is the number of ampere-turns neces¬ 
sary for producing a total flux of 215 kilollncs through the two paths in 
parallel, and what is the reluctance of the rod per centimeter of its length 
under these conditions? Asm. 1100 ampere-turns; 0.933 milli-rol. 

Prob, 14, The magnetic flux in a closed iron con* must increase and 
decrease according to a straight-line law with the time, then reverse and 
inoreuse and decrease according to the same law in the opposite direction. 
Show the general shape of the eurve of the exciting current, neglecting 
the effect of hyteresls. 

Prob, 18, Show that if hi the preceding problem the flux varies accord¬ 
ing to the sine law the curve of the exeiting current is a peaked wave. 
Show how to determine the shape of this curve from a given magnetiza¬ 
tion curve of the material. 'This problem has an application in the calcu¬ 
lation of the exciting current in a transformer. 

Prob, 10, In the magnetic circuit shown In Fig. 0 the useful flux 
passes through the air gap hetwtxm the two stc*ol poles; a part of the flux 

* The student will ace from the solution of this problem that in the case 
of a mtim magnetic circuit it In much easier to find the m.m.f. required for 
% given flux than vim vena. On the other hand, In the case of two mag¬ 
netic pat ha in parallel (such as in prob, 13), it is easier to find the flux for a 
given m.m.f. 
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is shunted through the east-iron part of tin* eirruit. At low sat urn! ions a 
considerable part of the* total flux is shunted through the east iron part, 
but as the flux density increases the east iron incomes saturated, and a 
larger and larger portion of the flux is deflected into the air gap. What 
percentages of the total flux in the yoke are shunted through the cast iron 
when the flux density in the air-gap is l kl/sq, cm. ami 7 k! sq, cm, 
respectively? Solution: When the flux density in the air gap is l kilo 
line per sq. cm. the m. mi. across the gap is IDOOXtt.K X0.5 —-100 umpet* 
turns. The flux density in the steel poles is 2 ki/mp tin,, and tin* requited 
m.m.f. in them is about Id ampere-turns. Therefore, the total m.uti, 
across AC and consequently across the cast-iron part Is 416 ampere-turn*, 



or//*24.5 ampere-turns per centimeter of length of the path in theca/#! 
iron. This value of II corresponds on the magnet! nation curve to/# — tlkl h*j 
cm.; hence, the total flux in the cant Iron k 12 kb The flux in the yoke i* 
00 T72«132 kl, and the percentage in the mutditiii shunt k 72 V42 **r 
about 55 per cent, Similarly, it k found that, in hen the flux density in the 
air-gap is 7/kl sq. mi,, n!>out 25 per rent of the flux k shunted through 
the east-iron part. The foregoing arrangement ilhuitmtw the jislnrifdr 
used in some practical eases, when it in desired In modify the letaUoo 
between the flux and the magnetomotive force, by providing n high!) 
saturated magnetic path in parallel with a feebly saturated one. 

Ana, 55 per cent and 25 jw cent approximately. 

Prob* 17* Indicate how tlm preceding problem rati la* Mtrfvuti If the 
cast-iron part were provided with a small clearance of my 1 mm, flint: 
See the second solution to problem 11, 
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Prob* 18. What In the length of the yoke in Fig. 6 if the exciting cur¬ 
rent increases 12 times when the Ilux density in the air-gap increases from 
1 to 7 kl/scj. cun,? Hint: If II k and H ? are the known magnetic intensi¬ 
ties in the yoke, corresponding to the two given densities, and x is the 
unknown length of the yoke, we have, using the values obtained in the 
solution of problem lf>: (ILx -M10U2**// x 4*3090. 

Ann. About 1.2 m. 



CHAPTER IXi 


HYSTERESIS AND EDDY CURRENTS IN IRON 

14. The Hysteresis Loop. Steel and iron possess a property 
of retaining part of their magnetism after the external magnetomo¬ 
tive force which magnetized them has been removed. Therefore, 
the magnetization or the B-H curve of a sample depends some¬ 
what upon the magnetic state of the specimen before the test. This 
property of iron is called hysteresis. The curves shown in Figs. 2 
and 3 refer to the so-called virgin state of the materials, which state 
is obtained by thoroughly demagnetizing the sample before the 
test. A piece of iron can be reduced to the virgin state by placing 
it within a coil through which an alternating current is sent, and 
gradually reducing the current to zero. Instead of changing the 
current, the sample can be removed from the coil. 

Let h sample of steel or iron to be tested be made into a ring 
and provided with an exciting winding, as in Fig. 1. Let it be 
thoroughly demagnetized; in other words, let its residual mag¬ 
netism be removed; then let the ring be magnetized gradually or in 
steps to a certain value of the flux density. Let OA in Fig. 7 rep¬ 
resent the virgin magnetization curve, that is to say the relation 
between the calculated values of B and H from this test, and let 
PA be the highest flux density obtained. If now the magnetizing 
current be gradually reduced, the relation between B and H is no 
more represented by the curve OA, but by another curve, such as 
AC) this is because of the above-mentioned property of iron to 
retain part of its magnetism. When the current is reduced to 
zero, the specimen still possesses a residual flux density OC. Let 
the current now be reversed and increased in the opposite direc¬ 
tion, until H reaches the negative value OP, at which no magnetic 
flux is left in the sample. The value of H—OF is called the coer¬ 
cive force. When the magnetic intensity reaches the negative value 
of OP' = OP, experiment shows that the magnetic density P'A' in 
the sample is equal and opposite to PA. 
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Let now the exciting current be again decreased, reversed and 
increased to its former maximum value corresponding to H=OP. 
It will be found that the relation between B and H follows a differ¬ 
ent though symmetrical curve, A'C'F'A , which connects with the 
upper curve at the point A. The complete closed curve is called 
the hysteresis loop ; a sample of iron which has been subjected to a 
varying magnetomotive force as described before, is said to have 
undergone a complete cycle of magnetization. If the same cycle 


B 



be repeated any number of times, the curve between B and H 
remains the same, as long as the physical properties of the sample 
remain unchanged. 

The lower half of the hysteresis loop is identical with the 
inverted upper half, so that the residual flux density OC =OC, 
and the coercive force OF' = 0F. The shape of the loop for a 
given sample is completely determined by the maximum ordinate 
AP, or the maximum excitation OP. If the excitation be carried 
further, for instance, to the point D on the virgin curve, the 
hysteresis loop would be larger, beginning at the point D, and 
would be similar in its general shape to the loop shown in Fig. 7. 
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A piece of iron can also be carried through a hysteresis cycle 
mechanically. Thus, instead of changing the excitation, the 
sample may be moved to a weak field, reversed, and returned to 
its original location. The relation between B and H , however, 
will be the same in either case. 

An important feature of the hysteresis cycle is that it requires 
a certain amount of energy to be supplied by the magnetizing 
current, or by the mechanism which reverses the iron with 
respect to the field. It is proved in Art. 16 below that this energy 
per cubic unit of iron is proportional to the area of the hysteresis 
loop. This energy is converted into heat in the iron, and therefore 
from the point of view of the electromagnetic circuit represents 
a pure loss. If the cycles of magnetization are performed in 
sufficiently rapid succession, for instance by using alternating 
current in the exciting winding, the temperature of the iron rises 
appreciably. 

The phenomenon of hysteresis is irreversible; that is to say, 
it is impossible to make a piece of iron to undergo a cycle of mag¬ 
netization in the direction opposite to that indicated by arrow¬ 
heads in Fig. 7. If it were reversible, the loss of energy occasioned 
by performing the cycle in one direction could be regained by 
performing it in the opposite direction. In this respect the 
hysteresis cycle differs materially from the theoretical reversible 
cycles studied in thermodynamics, and reminds one of an irre¬ 
versible thermodynamic cycle, in which friction or sudden expan¬ 
sion is present. 

16. An Explanation of Saturation and Hysteresis in Iron. 

While the physical nature of magnetism is at present unknown, 
there is sufficient evidence that the magnetization of iron is 
accompanied by some kind of molecular change. Let us assume, 
in accordance with the modem electronic theory, that there is an 
electric current circulating within each molecule of iron, due to the 
orbital motion of one or more electrons within the molecule. Each 
molecule represents, therefore, a minute electromagnet acted upon 
by other molecular electromagnets. In the neutral state of a piece 
of iron, the grouping of the molecules is such that the currents 
are distributed in all possible planes, and the external magnetic 
action is zero. Under the influence of an external magnetomotive 
force the molecules are oriented in the same way that small mag¬ 
netic needles are deflected by an external magnetic field. With 
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small intensities of the external field, the molecules of iron return 
into their original stable positions as soon as the external m.m.f. 
is removed; when, however, the external magnetic intensity 
becomes considerable some of the molecules turn violently and 
assume new groupings of stable equilibrium. Therefore, when 
the external m.m.f. is removed, there is some intrinsic magneti¬ 
zation left, and we have the phenomenon of residual mag¬ 
netism. 

With an ever-increasing external m.m.f., more and more of the 
molecules are oriented so that their m.m.fs. are in the same direc¬ 
tion as the external field, the iron then approaching saturation. 
Any further increase in the flux density is then mainly due to the 
flux between the molecules, the same as in any non-magnetic 
medium. 

According to the foregoing theory, an external m.m.f. turns 
the internal m.m.fs. into more or less the same direction; these 
m.m.fs. then help to establish the flux in the intermolecular spaces 
which are much greater than the molecules themselves. There¬ 
fore, the higher flux density in iron is not due to a greater permea¬ 
bility of the iron itself, but to an increased m.m.f. It is never¬ 
theless permissible, for practical purposes, to speak of a higher 
permeability of the iron, disregarding the internal m.m.fs., and 
considering the permeability, according to eq. (16), as the ratio 
of the flux density to the externally applied magnetic intensity. 

The foregoing theory explains also the general character of 
the permeability curve of iron. With very small values of H 
the molecules of a piece of iron are oriented but very little, but 
are rapidly oriented more and more as H is increased. There¬ 
fore, for small values of H , fx must be expected to increase with H. 
On the other hand, when the saturation is very high, an increase 
in H changes B but little, because practically all of the available 
internal m.m.fs. have been utilized. Therefore, for large values 
of Hj (x decreases with increasing H. Consequently, there is a 
value of H for which /x is a maximum. This is the actual shape of 
permeability curves (see for instance the reference to the Standard 
Handbook given in Art. 12 above). 

The phenomenon of magnetization is irreversible because the 
changes from one stable grouping of molecules to the next are 
sudden. Each molecule, in changing to a new grouping, acquires 
kinetic energy, and oscillates about its new position of equilib- 
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rium until the energy is dissipated by being converted into heat. 
This heat represents the loss of energy due to hysteresis. 

This theory of saturation and hysteresis is due originally 
to Weber, and has been improved by Ewing, who has shown 
experimentally the possibility of various stable groupings of 
a large number of small magnets in a magnetic field. By varying 
the applied m.m.f. he obtained a curve similar to the hysteresis 
loop of a sample of iron. For further details of this theory see 
Ewing, Magnetic Induction in Iron and other Metals (1892), 
Chapter XI. 

The following analogy is also useful. Let a body Q (Fig. 8), 
rest on a support and be held in its central position by two springs 



Fig. 8.—A mechanical analogue to hysteresis. 


S, S, which can work both under tension and under compression. 
Let this body be made to move periodically to the right and to 
the left of its central position, under the influence of an alterna¬ 
ting external force H. Call B the deflections of the body from 
its middle position. The relation between B and H is then similar 
to the hysteresis loop in Fig. 7, provided that there is some 
friction between the body Q and its support, and provided that 
the springs offer in proportion more resistance when distorted 
greatly than when distorted slightly. 

Starting with the neutral position of the body let a gradually 
increasing force H be applied which moves the body to the right. 
This corresponds to the virgin curve in Fig. 7, except that this 
simple analogy does not account for the inflection in the virgin 
curve near the origin. Let then the force H be gradually reduced, 
allowing the springs to bring Q nearer the center. When the 
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external force is entirely removed, the body is still somewhat to 
the right of its central position, because the friction balances part 
of the tension of the springs. Here we have something analogous 
to residual magnetism and to the part AC of the hysteresis loop. 
A finite force H is required in the negative direction to bring Q 
to the center. This force corresponds to the coercive force of a 
piece of iron. 

By following this analogy through the complete cycle one 
can show that a loop is obtained similar to a hysteresis loop. 
Also, it can be shown that the phenomenon is irreversible, and that 
the total work done by the force H is equal to the work of friction. 
Moreover, there is a periodic interchange of energy between the 
springs and the source of the force H } and the net loss of energy 
is represented by the area of the loop corresponding to Fig. 7. 

Prob. 1. An iron ring is thoroughly demagnetized, and then the cur¬ 
rent in the exciting winding is varied in the following manner: It is 
increased gradually from zero to 1 ampere and is then reduced to zero. 
After this, the current is increased to 2 amperes in the same direction, and 
again reduced to zero. Then the current is increased to 3 amperes again in 
the same direction, and reduced to zero, etc. Draw roughly the general 
character of the B-H curve, taking the hysteresis into consideration. 
Hint: First study a similar process on the mechanical analogy shown in 
Fig. 8. 1 

Prob. 2. A piece of iron is made to undergo a magnetization process 
from the point A (Fig. 7) to a point between F and A' such that, when 
subsequently the exciting circuit is opened, the ascending branch of the 
hysteresis curve comes to the origin. Show that such a process does not 
bring the iron into the neutral virgin state, in spite of the fact that B = 0 
for H — 0. Hint: Consider the further behavior of the iron for positive 
and negative values of H. 

Prob. 3. A millivoltmeter is connected to the high-tension terminals 
of a transformer, and the current in the low-tension winding is varied in 
such a way as to keep the voltage constant. Show that the curve of the 
current plotted against time is of the same shape as the hysteresis loop of 
the core. Hint: Since d$/dt is constant, fl> is proportional to the time. 

Prob. 4. The magnetic flux density in an iron core is to vary with the 
time according to the sine law. Plot to time as abscissae the instantane¬ 
ous values of the exciting ampere-turns per centimeter length of the core 
from an available hysteresis loop, and show that the wave of the exciting 
current is not a sine wave and is unsymmetrical. Note: This problem 
has an application in the calculation of the exciting current of a trans¬ 
former; see Art. 33 below. 

1 A solution of this and of the next problem will be found in Chapter Y 
of Ewing’s Magnetic Induction in Iron and other Metals , 1892. 
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16. The loss of Energy per Cycle of Magnetization. When a 
magnetic flux is maintained constant the only energy supplied 
from the source of electric power is that converted into the i 2 r 
heat in the exciting winding; no energy is necessary to maintain 
the magnetic flux. This is an experimental fact, fundamental in 
the theory of magnetic phenomena. When, however, the flux 
is made to vary, by varying the exciting ampere-turns or the 
reluctance of the magnetic circuit, electromotive forces are 
induced in the magnetizing, winding by the changing flux. 
A transfer of energy results between the electric and the magnetic 
circuits. 

Beginning, for instance, at the point A of the cycle (Fig. 7), 
and going toward C, the flux is forced to decrease. According 
to Faraday’s law, the e.m.f. induced by this flux in the magnetiz¬ 
ing winding is such as to resist the change, i.e., it tends to main¬ 
tain the current. Therefore, during the part AC of the cycle 
energy is supplied from the magnetic to the electric circuit. 
This shows that energy is stored in a magnetic field. During the 
part CPA' of the hysteresis loop energy is supplied from the 
electric to the magnetic circuit, because at the point C, the 
current is reversed and becomes opposed to the e.m.f. The 
other half of the cycle being symmetrical, with the flux and the 
current reversed, energy is returned to the electric circuit during 
the part A’C' of the cycle, and is again accumulated in the 
magnetic circuit during the part CF'A . 

If the part AC of the cycle were identical with CF'A, and the 
part A'C' were identical with CFA', the amounts of energy trans¬ 
ferred both ways would be the same, and there would be no net 
loss of energy at the end of the cycle. In reality the two parts 
are different; the amounts of energy returned from the magnetic 
circuit to the electric circuit in the parts AC and A'C” are smaller 
than the amounts supplied by the electric circuit in the parts 
CFA' and CF’A. This is because the last two parts of the curve 
are more steep than the first two, and consequently the induced 
e.m.fs. are larger for the same values of the current. The net 
result is therefore an input of energy from the electric into the 
magnetic circuit, this energy being converted into heat in the iron. 
No such effect is observed with non-magnetic materials, because 
the two branches of a complete B-H cycle coincide with a straight 
line passing through the origin. 
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To prove that the energy lost per cubic unit of iron per cycle 
of magnetization is represented by the area of the hysteresis loop, 
we first write down the expression for the energy returned to the 
electric circuit during an infinitesimal change of flux in the 
part AC of the cycle. Let the flux in the ring at the instant under 
consideration be 0 webers, and the magnetomotive force ni amp- 
ere-turns, where i is the instantaneous value of the current, and n 
is the total number of turns on the exciting winding. The instan¬ 
taneous induced e.m.f., due to a decrease of the flux by d0 during 
an infinitesimal element of time dt seconds, is e= —ndtitfdt volt. 
The sign minus is necessary because e is positive (in the direction 
of the current) when d@ is negative, that is to say, when the flux 
decreases. The electric energy corresponding to this voltage is 

dW = eidt= —nid& watt-seconds (joules). 

Hence, the total energy returned to the electric circuit during the 
part AC of the cycle is 

J ~c 

nid@ } 

A 

or, interchanging the limits of integration, 

X A 

nid0 . 

Since all the parts of the ring undergo the same process, and 
the curve in Fig. 7 is plotted for a unit cube of the material, it is 
of interest to find the loss of energy per cubic centimeter of mate¬ 
rial. If $ is the cross-section and l the mean length of the lines 
of force in the iron, we have that the volume 

F==aSZ cubic centimeters. 

Dividing the expression for the energy by this equation, we find 
that the energy in watt-seconds per cubic centimeter of iron is 

W/V=£ A (in/l) ■ (d#/S) = £ A HdB, . . .. (19) 

where H is in ampere-turns per centimeter, and B is in webers 
per square centimeter. 

But HdB is the area of an infinitesimal strip, such as is shown 
by hatching in Fig. 7. Consequently, the right-hand side of eq. 
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(19) represents the area of the figure ACQ, which is therefore a 
measure for the energy transferred to the electric circuit, per cubic 
centimeter. In exactly the same way it can be shown that the 
energy supplied to the magnetic circuit during the part C'A of the 
cycle is represented by the area AC'Q. Hence the net energy 
loss for the part of the cycle to the right of the axis of ordinates 
is represented by the area ACC'A. Repeating the same reasoning 
for the left-hand side of the loop it will be seen that the total 
energy loss per cycle of magnetization per cubic centimeter of 
material is represented by the area ACA'C'A of the hysteresis 
loop. For a given material, this area, and consequently the loss, 
is a function of the maximum flux density PA, and increases with 
it according to a rather complicated law. Two empirical formulae 
for the loss of energy as a function of the density are given in Art. 
20 below. 

In the problems that follow the weight of one cubic decimeter 
of solid carbon steel is taken to be 7.8 kg., and that of the alloyed 
or silicon steel 7.5 kg. The weight of one cubic decimeter of 
assembled carbon steel laminations is taken as 0.9X7.8 = 7 kg., 
and that of silicon steel laminations as 0.9X7.5 = about 6.8 kg. 

Prob. 5. A hysteresis loop is plotted to the following scales: abscissae 
1 cm. = 10 amp .-turns /cm.; ordinates, 1 cm. = 1 kilo-maxwell/sq. cm.; the 
area of the loop is found by a planimeter to be 72 sq. cm. What is the 
loss per cycle per cubic decimeter of iron? 

Ans. 7. 2 watt-seconds (joules). 

Prob. 6. The hysteresis loop mentioned in the preceding problem was 
obtained from an oscillographic record at a frequency of 60 cy., with a sam¬ 
ple of iron which weighed 9.2 kg. What was the power lost in hysteresis 
in the whole ring? Ans. 510 watts. 

Prob. 7. The stationary coil of a ballistic electro-dynamometer ig con- 
nected in series with the exciting electric circuit (Fig. 1); the moving coil 
is connected through a high resistance to a secondary winding placed on 
the ring. The exciting current is brought to a certain value, and then the 
current is reversed twice in rapid succession, in order that the iron may 
undergo a complete magnetization cycle. Show that the deflection of the 
electro-dynamometer is a measure for the area of the hysteresis loop. 
Hint: HdB~H{dB/dt) dt= Const. X iedt. 1 

17. Eddy Currents in Iron. Iron is an electrical conductor; 
therefore when a magnetic flux varies in it, electric currents are 

- 1 Searle, “The Ballistic Measurement of Hysteresis,” Electrician , Vol. 
49, 1902, p. 100. 
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induced along cloned paths of least resistance linked with the (lux.. 
These currents permeate the whole bulk of the iron and are called 
eddy or Foucault currents. Eddy currents cause a loss of energy 
which must be supplied either electrically or mechanically from 
an outside source. Therefore, the iron cores used for variable fluxes 
are usually built of laminations, so as to limit the eddy currents 
to a small amount by interposing in their paths the insulation 
between the laminations. Japan, varnish, tissue paper, etc., are 
used for this purpose*. In many cases the layer of oxide formed 
on laminations during the* process of annealing is considered to be 
a sufficient insulation against eddy currents. 

The usual thickness of lamination varies from 0.7 to 0.3 mm., 
according to the frequency for which an apparatus is designed, 
the flux density to be used, the provision for cooling, etc. The 
more a core is subdivided the lower is the loss due to eddy currents, 
but the more expensive is the core on account of the higher cost 
of rolling sheets, and of punching and assembling the laminations. 
Besides, more space is taken by insulation with thinner stampings, 
so that the per cent net crmw-Hcrtion of iron is reduced. The 
net cross-section of laminations is usually from 95 to 85 per cent 
of the gross cross-section, depending upon the thickness of the 
laminations, the kind of insulation used, and the care and pres¬ 
sure used in assembling the eore. For preliminary calculations 
about, ten per cent of the gross cross-section is assumed to bo 
lost in insulation. 

Fig. 9 shows two iron cores in cross-section, one (tore solid, 
the other subdivided into three laminations by planes parallel 
to the direction of the lines of force. The lines of force are shown 
by dots, and the paths of the eddy current,s by continuous linen. 
Eddy currents am linked with the lines of force, the same as the 
current in the exeiting winding. In fact, eddy currents are similar 
to the secondary currents in a transformer, inasmuch as they 
tend to reduce the flux created by the primary current. The 
com must be* laminated in planes perpendicular to the lines of 
flow of the eddy currents, so as to break up their paths and at the 
same time not to interpose air-gaps in the paths of the lines of 
force. 

An iron core can be further subdivided by using thin iron 
wires in place of laminations. Such cores were used in early 
machines and transformers, but were abandoned on account of 
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expense and poor space factor. Iron-wire cores are used at present 
in only high-frequency apparatus, in which eddy currents must 
be carefully guarded against; for instance in the induction coils 
(transformers) employed in telephone circuits. 

It will be seen by an inspection of Fig. 9 that eddy currents 
are much smaller in the laminated core because the resistance of 
each lamination is increased while the flux per lamination and con¬ 
sequently the induced e.m.f. is considerably reduced. It is proved 
in Art. 21 below that the power lost in eddy currents per kilogram 
of laminations is proportional to the square of the thickness of 



the laminations, the square of the frequency, and the square of 
the flux density. 

Prob. 8. Show that the armature cores of revolving machinery must 
be laminated in planes perpendicular to the axis of rotation. 

Prob. 9. Show that assuming the temperature-resistance coefficient of 
iron laminations to be 0.0046 per degree Centigrade the eddy current loss of 
a core at 70° C. is only about 82.5 per cent of that at 20° C. 

Prob. 10. Explain the reason for which the hysteresis loss in a given 
core and at a given frequency depends only on the amplitude of the excit¬ 
ing current, while the eddy-current loss depends also upon the wave-form 
of the current. 

18. The Significance of Iron Loss in Electrical Machinery. 

The power lost in an iron core on account of hysteresis and eddy 
currents, taken together, is called iron loss or core loss . It is of 
importance to understand the effect of this loss in the iron cores 
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of electrical machinery and apparatus: First, because they bring 
about a loss of power and hence lower the efficiency of a 
machine; Secondly, because they heat up the iron and thus 
limit the permissible flux density, or make extra provisions for 
ventilation and cooling necessary; Thirdly, because they affect 
the indications of measuring instruments. The effects of hystere¬ 
sis and eddy currents in the principal types of electrical machinery 
are as follows: 

(«) In a transformer an alternating magnetization of the iron 
causes a core loss in it. The power thus lost, must be supplied from 
the generating station in the form of an additional energy com¬ 
ponent of the primary current. The core is heated by hysteresis 
and by eddy currents, and the heat must be dissipated by the 
oil in which the transformer is immersed, or by an air blast. 

(l>) In a direct-current machine the revolving armature is 
subjected to a magnetization first in one direction and then in 
the other; the heating effect duo to the l^’steresis and eddy 
currents is particularly noticeable in the armature teeth in which 
the flux density is usually quite high. The core loss, being sup¬ 
plied mechanically, causes an additional resisting torque between 
the armature and the field. In a generator this torque is sup¬ 
plied by the prime mover; in a motor this torque reduces the 
available torque on the shaft. 

(r) The effect of hysteresis and of eddy currents in the armature 
of an alternator or of a synchronous motor is similar to that in a 
direct-current machine. 

(d) In an induction motor the core loss takes place chiefly 
in the stator iron and teeth, where the frequency of the magnetic 
cycles is equal to that of the power supply; the frequency in the 
rotor eomwjKmds to the per cent slip, so that even with very 
high flux densities in the rotor teeth the core loss in the rotor is 
comparatively small. At speeds below synchronism the necessary 
power for supplying the iron loss is furnished electrically as part 
of the input into the stator. At speeds above synchronism this 
power is supplied through the rotor from the prime mover. 

(r) In a direct-current ammeter, if it has a piece of iron as 
its moving element, residual magnetism in this iron causes inac¬ 
curacies in its indications. With the same current, the indication 
of the instrument is smaller when the current is increasing than 
when it Is decreasing; this can Ins understood with reference to 
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the hysteresis loop. With alternating current the effect of hystere¬ 
sis is automatically eliminated by the reversals of the current 
which passes through the instrument. 

From these examples the reader can judge as to the effect of 
hysteresis in other types of electrical apparatus not considered 
above. 

Prob. 11. Show that in an 8-pole direct-current motor running at a 
speed of 525 r.p.m. the armature core and teeth undergo 35 complete 
hysteresis cycles per second. 

Prob. 12. Show that for two points in an armature stamping, taken 
on the same radius, one in a tooth, the other near the inner periphery of 
the armature, the hysteresis loops are displaced in time by one-quarter 
of a cycle. 

19. The Total Core Loss. In practical calculations on electrical 
machinery the total core loss is of interest, rather than the hystere¬ 
sis and the eddy current losses separately. For such computations 
empirical curves are used, obtained from tests on steel of the same 
quality and thickness. The curves of total core loss given in 
Fig. 10 have been compiled from various sources, and give a 
fair idea of the order of magnitude of core loss in various grades 
of'commercial steel laminations. The specimens were tested in 
the Epstein apparatus, which is a miniature transformer (sec 
the author’s Experimental Electrical Engineering , Vol. 1, p. 197), 
and the values given can be used for estimating the core loss in 
transformers and in other stationary apparatus with a simple 
magnetic circuit. 

In using the curves one should note that the ordinates are watts 
per cubic decimeter of laminations, hence the gross volume and 
not the volume of the iron itself is represented. On the other hand, 
the abscissae are the true flux densities in the iron. In choosing a 
material the following points are worthy of note: (1) Silicon steel 
is now used for 60-cycle transformers, almost to the exclusion of 
any other, on account of its lower core loss; it is sometimes used 
for 25-cycle transformers also. (2) The material called u Good 
carbon steel ” is that which is used for induction motor stators, 
and in general for the armatures of alternating and direct- 
current machinery; also, sometimes for the cores oWow frequency 
transformers. (3) The material called “ Ordinary carbon steel ” 
should be used only in those cases for which the core loss is of 
small importance. 



Gauge 
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F IG . 10.—Curves of core loss per cubic decimeter of laminations, including insulation. 





46 


THE MAGNETIC CIRCUIT 


[Art. 19 


The thickness of lamination to be used in each particular 
case is a matter of judgment based on previous experience, and 
no general rule can be laid down, except what is said in Art. 17 
above, in regard to the factors upon which the eddy-current loss 
depends. The gauges 26 to 29 are representative of the usual 
practice. If it should be necessary to estimate the core loss for a 
different thickness and at another frequency than those given in 
Fig. 10, the method explained in Art. 22 below may be used. 

The core loss in the armatures and teeth of revolving machinery 
is found from tests to be considerably above that calculated from 
the curves of loss on the same material when tested in stationary 
strips. This is probably due in part to the fact that the conditions 
of magnetization are different in the two cases. In the one case 
the cycles of magnetization are due to a pulsating m.m.f., which 
simply changes its magnitude; in the other case to a gliding m.m.f., 
with which the magnetic intensity at a point changes its direction 
as well. Besides, the distribution of flux densities in teeth and in 
armature cores is very far from being uniform. Therefore, 
when using the curves given in Fig. 10, for the calculation of iron 
loss in generators and motors, it is necessary to multiply the results 
by certain empirical coefficients obtained from the results of tests 
made on similar machines. Mr. I. E. Hanssen recommends add¬ 
ing 30, 35, and 40 per cent to the loss calculated from the curves 
obtained on stationary samples when estimating the iron loss in 
an armature back of its teeth, at 25,40, and 60 cycles respectively* 
For teeth he recommends adding 30, 60, and 80 per cent, at the 
same frequencies. 1 These values are quoted here merely to give 
a general idea of the magnitude of the excess of core loss in revolv¬ 
ing machinery; a responsible designer should compile the values 
of such coefficients from actual tests made on the particular class 
of machines which he is designing. 

Some engineers do not use for revolving machinery values of 
core loss obtained on stationary samples, but plot the curves of core 
loss obtained directly from tests on machines of a particular kind, 
for various frequencies and flux densities. This is a reliable and 
convenient method provided that sufficient data are available to 
separate the core loss in the teeth from that in the core itself. Mr. 
H. M. Hobart advocates this method, and curves of core loss 

1 Hanssen, “Calculation of Iron Losses in Dynamo-electric Madbkwy/ 
Tram. Amer. Inst. Elec. Eng., Vol. 28 (1909), Part II, p. 993. 
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obtained directly from actual machines will be found in his several 
books on electric machine design. 

It is customary now to characterize a lot of steel laminations 
with respect to its core loss by the co-called figure of loss (Verlust- 
ziffer), which is the total core loss in watts per unit of weight, at a 
standard frequency and flux density. In Europe the figure of loss 
is understood to be the watts loss per kilogram of laminations, at 
50 cycles and at a flux density of 10 kilolines per square centimeter; 
the test to be performed in an Epstein apparatus under definitely 
prescribed conditions. 1 Sometimes a second figure of loss is 
required, referring to a density of 15 kilolines per square centi¬ 
meter, when the laminations are to be used at high flux densities. 
In this country a figure of loss is sometimes used which gives the 
watts loss per pound of material at 60 cycles and at a flux density 
of 60 kilolines per square inch (or else at 10 kilolines per square 
centimeter; see the paper mentioned in problem 20 below). 

In some cases it is required to estimate the hysteresis and the 
eddy current losses separately; also it is sometimes necessary to 
separate the two losses knowing a curve of the total loss. These 
calculations are explained in the articles that follow. 

Prob. 13. The core of a 60-cycle transformer weighs 89 kg.; the 
gross cross-section of the core is 8 by 10 cm., of which 10 per cent is taken 
by the insulation between the laminations. The total flux alternates 
between the values of ±0.49 megaline. If the core is made of gauge 26 
good carbon steel, what is the total core loss according to the curves in 
Fig. 10? Solution: The flux density is 490/(8x10x0.9) =6.8 kl/sq. cm. 
The core loss per cubic decimeter at this density and at 60 cycles is, 
according to the curve, equal 13 watts. The volume of the laminations, 
including the insulation, is 89/7 =12.7 cu. dm. The total loss is 13 X 
12.7 = 165 watts. 

Prob. 14. What flux density could be used in the preceding problem 
if the core were made of silicon-steel laminations, gauge 29, provided that 
the total core loss be kept the same in both cases? 

Ans. About 9 kl/sq. cm. 

Prob. 16. Calculate the core loss in the stationary armature of a 60- 
cycle 450-r.p.m. alternator of the following dimensions: bore 180 cm.; 
gross axial length 24 cm.; two air-ducts 0.8 cm. each; radial width of 
stampings back of the teeth, 15 cm.; the machine has 144 slots, 2 cm. 
wide and 4.5 cm. deep. The core is made of 26-gauge good carbon steel; 
the useful flux per pole is 4.65 megalines, and two-thirds of the total num¬ 
ber of teeth carry the flux simultaneously. Use Mr. Hanssen’s coefficients. 


1 See Elektrotechnische Zeitschrift, Yol. 24 (1903), p. 684. 
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Note: All parts of the core and all the teeth are subjected to complete 
cycles of magnetization in succession; therefore, in calculating the core 
loss the total volume of the core and of the teeth must be multiplied by 
the loss per cubic decimeter, corresponding to the maximum magnetic 
density in each part. *The density in a tooth varies along its length, 
being a maximum at the tip. The average density may be assumed to be 
equal to that at the middle of the teeth. Ans. About 9 kw. 

20. Practical Data on Hysteresis Loss. The energy lost in 
hysteresis per cycle per kilogram of a given material depends only 
upon the maximum values of B and H } and does not depend upon 
the manner in which the magnetizing current is varied with the time 
between its positive and negative maxima. It is only at very high 
frequencies, such as are used in wireless telegraphy, that the par¬ 
ticles of iron do not seem to be able to follow in their grouping the 
corresponding changes in the exciting current. With such high 
frequencies iron cores are not only useless, but positively harmful. 
However, at ordinary commercial frequencies the loss of power 
Ph due to hysteresis is proportional to the number of cycles per 
second and can be expressed as 

Ph—f-V-FiB) watt., 

where / is the number of magnetic cycles per second, V is the vol¬ 
ume of the iron, and F{B) is a function of the maximum flux den¬ 
sity B . F(B) represents the loss per cycle per cubic unit of 
material, and is therefore equal to the area of the hysteresis loop 
in Eig. 7. 

One can assume empirically that the unit loss per cycle, F(B) } 
increases as a certain power n of jB, this power to be determined 
from tests. The preceding formula becomes then 

Ph=r}fVB n watt.,.(20) 

where rj is an empirical coefficient which depends upon the quality 
of the iron and upon the units used. Dr. Steinmetz found from 
numerous experiments that the exponent n varies between 1.5 and 
1.7, and proposed for practical use the formula 

Ph=* rjfVB 1 ^ X lO" 7 watt, .... (21) 

where the factor 10~ 7 is introduced in order to obtain convenient 
values for y when B is in maxwells per square centimeter, and V 
is in cubic centimeters. It is more convenient for practical calcula- 
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tions to use B in kilolines per square centimeter, and V in cubic 
decimeters. In this case the constant 10~ 7 is not necessary (see 
Prob. 17 below); but the student must now remember to multiply 
by 6.31 the values of 7) found in the various pocketbooks. 

Hysteresis loss cannot be represented always with sufficient 
accuracy by formula (21) or (20) over a wide range of values of B , 
because the exponent n itself seems to increase with B. Where 
greater accuracy is required at medium and high flux densities the 
following formula may be used: 

P h =/U (jj'B + rj"B 2 ) .(21a) 

In this formula the term with B 2 automatically becomes of more 
and more importance as ,B increases. By selecting proper values 
for rf and tj" a given experimental curve of loss can be approxi¬ 
mated more closely than by means of formula (21). On the other 
hand, formula (21) is more convenient for comparison and analysis. 

Curves of hysteresis loss and values of the constant rj will be 
found in various handbooks and pocketbooks. It is hardly worth 
while giving them here, because hysteresis loss varies greatly with 
the quality of iron and with the treatment it is given before use. 
Moreover, the quality of the iron used in electrical machinery is 
being improved all the time, so that a value of y given now may 
be too large a few years from now. 

Considerable effort is being constantly made to improve the 
quality of the iron used in electrical machinery so as to reduce its 
hysteresis loss. The latest achievement in this respect is the pro¬ 
duction of the so-called silicon steel , also called alloyed steel , which 
contains from 2.5 to 4 per cent of silicon. This steel shows a much 
lower hysteresis loss than ordinary carbon steel. Incidentally, 
the electric resistivity of silicon steel is about three times higher 
than that of ordinary steel, so that the eddy-current loss is reduced 
about three times. The advantage that silicon steel has over car¬ 
bon steel is clearly seen in Fig. 10. Silicon steel is largely used 
for transformer cores because it permits the use of higher flux 
densities, and therefore the reduction of the weight and cost of a 
transformer, in spite of the fact that silicon steel itself costs more 
per kilogram than carbon steel. 

Another great advantage of silicon steel is that it is practically 
non-aging ; this means that the hysteresis loss does not increase 
with time. An increase in the hysteresis loss of a transformer 
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during the first few years of its operation used to be a serious 
matter in the design and operation of transformers, because of the 
subsequent overheating of the core and of the coils. Silicon steel 
shows practically no increase in its hysteresis loss after several 
years of operation. Moderate heating, which considerably in¬ 
creases the hysteresis loss in ordinary steel, has no effect on silicon 
steel. 

Impurities which are of such a nature as to produce a softer 
iron or steel and a material of higher permeability, are as a rule 
favorable to the reduction of the hysteresis loss, and vice versa. 
Mechanical treatment and heating are also very important in their 
effects on hysteresis loss. In particular, punching and hammering 
increases hysteresis loss, while annealing reduces it. Therefore 
laminations are always annealed carefully after being punched 
into their final shape. 

The requirements for the steel used in permanent magnets are 
entirely different from those for the cores of electrical machinery. 
In permanent magnets a large and wide hysteresis loop is desired, 
because it means a high percentage of residual magnetism (ratio 
of CO to AP, Fig. 7) and a large coercive force, OF. Both are 
favorable for obtaining strong permanent magnets of lasting 
strength. Combined carbon is particularly important for obtain¬ 
ing these qualities, as is also the proper heat treatment after mag¬ 
netization. 

Prob. 16. In the 60-cycle transformer given in prob. 13, the core 
weighs 89 kg. and is made of 26 gauge good carbon steel. The maxi¬ 
mum flux density is 6.8 kl./sq. cm. What is the hysteresis loss assuming 
r) to be equal to 0.0012? Ans. About 124 watt. 

Prob. 17. What is the constant in formula (21) in place of 10~ 7 , if, 
with the same rj, the density B is in kilo-maxwells per sq. cm., and the 
volume is in cubic decimeters? Ans. 6.31. 

Prob. 18. Show how to determine the values of y and n in eq. (20), 
knowing the values W x and W 2 of the energy lost per cycle at two given 
values of maximum flux density, B 1 and B 2 . 

Ans. n »(log log Wi)/(log J?*—log B % ). 

Prob. 19. The following values of hysteresis loss per cu. decimeter 
have been determined from a test at 25 cycles (after eliminating the eddy 
current loss): 

Flux density in kl/sq.cm., R*®5.0 I 6.5 8.0 I 10.0 

Hysteresis loss in watts, ** 1.30 I 2.00 2.88 | 4.11 

What are the values of t) and n in formula (20)? Suggestion; 
Use logarithmic paper to determine the most probable value of n } by 
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drawing the straight line log P h = n log B+ log Const. See the author’s 
Experimental Electrical Engineering , Yol. } 1, p. 202. 

Ans. P h = 0.00368 fVB 1 -**. 

21. Eddy Current Loss in Iron. With the thin laminations 
used in the cores of electrical machinery the eddy-current loss in 
watts can be represented by the formula 

P e ~eV(tfB)2, .( 22 ) 

where £ is a constant which depends upon the electrical resistivity 
of the iron, its temperature, the distribution of the flux, the wave 
form of the exciting current, and the units used. V is the volume 
or the weight of the core for which the loss is to be computed; t is 
the thickness of laminations, / the frequency of the supply, and B 
the maximum flux density during a cycle. If B is different at 
different places in the same core, the average of these should 
be taken, (.B is the time maximum but the space average). 
Sometimes formula (22) contains also 10 to some negative power 
in order to obtain a convenient value of s. 

Formula (22) can be proved as follows: The loss of power in a 
lamination can be represented as a sum of the i 2 r losses for the 
small filaments of eddy current in it. But i 2 r = e 2 /r; it can be 
shown that the expression in parentheses in formula (22) is pro¬ 
portional to the sum of e 2 /r per unit volume. When the frequency 
/ increases say n times, the rate of change of the flux, d(P/dt, and 
consequently the e.m.fs. induced in the iron are also increased n 
times. Therefore, the loss which is proportional to e 2 increases n 2 
times. In other words, the loss is proportional to the square of 
the frequency. Similarly, the induced voltage is proportional to 
the flux density B\ and consequently, the loss is proportional to B 2 . 

To prove that the loss is proportional to the square of the 
thickness of laminations one must remember that increasing the 
thickness n times increases the flux and the induced e.m.f. within 
any filament of eddy current also n times. But the resistance of 
each path is reduced n times (neglecting the short sides of the rect¬ 
angle). Consequently, the expression e 2 /r is increased n 3 times. 
However, inasmuch as the volume of the lamination is also 
creased n times, the loss per unit volume is only n 2 times larger. In 
other words, the loss per unit volume increases as t 2 . A more 
rigid proof of this proposition is given in problem 21 below. 
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For values of e the reader is referred to pocketbooks; the 
• numerical values given there must, however, be used cautiously, 
because the eddy-current loss depends on some factors such as the 
care exercised in assembling, and the actual distribution of the 
flux, which factors can hardly be taken into account in a formula. 
As a matter of fact, formula (22) is used now less and less in prac¬ 
tical calculations, the engineer relying more upon experimental 
curves of total core loss (Fig. 10). 

Prob. 20. According to the experiments of Lloyd and Fischer [Trans- 
Amer. Inst Elec . Engs ., Yol. 28 (1909), p. 465] the eddy-current loss in 
silicon-steel laminations of gauge 29 (0.357 mm. thick) is from 0.12 to 0.18 
watts per pound at 60 cycles and at B = 10,000 maxwells per sq. cm. What 
is the value of the coefficient e in formula (22) if P is in microwatts, V is 
the weight of the core in kg. (not the volume, as before); if also t is in mm., 
and B is in kilolines per sq. cm.? 

Ans. From 5.78 to 8.67; 7.2 is a good practical average. 

Prob. 21. Prove that the loss of power caused by eddy currents, per 
unit volume of thin laminations, is proportional to the square of the thick¬ 
ness of the laminations. Solution: The thickness t of the sheet (Fig. 9) 
being by assumption very small as compared with its width a, the paths 
of the eddy current may be considered to be rectangles of the length a and 
of different widths, ranging from t to zero. Consider one of the tubes of 
flow of current, of a width 2x, thickness dx, and length l in the direction 
of the lines of magnetic force. Let the flux density vary with the time 
between the limits ±B. Then the maximum flux linking with the tube 
of current under consideration is approximately equal to 2 axB; therefore, 
the effective value of the voltage induced in the tube can be written in the 
form e = CaxBf, where C is a constant, the value of which we are not con¬ 
cerned with here. The resistance of the tube is p(2a +4:x)/(ldx), or very 
nearly 2 ap/Qdx). Thus we have that the i 2 r loss, or the value of e 2 /r 
for the tube under consideration, is dP e = C 2 ax 2 B 2 f 2 ldx/2p . Integrat¬ 
ing this expression between the limits 0 and t/2 we get P e =C 2 at 3 B 2 f 2 l /4Sp . 
But the volume of the lamination is V=atl. Dividing P by V we find 
that the loss per unit volume is proportional to ( tfB ) 2 . 1 

Prob. 22. Prove that the loss of power by eddy currents per unit 
volume in round iron wires is proportional to the square of the diameter of 
the wire. The flux is supposed to pulsate in the direction of the axes of 
the wires,'and the lines of flow of the eddy currents are concentric circles 
Hint: Use the method employed in the preceding problem. 

22. The Separation of Hysteresis from Eddy Currents. It is 

sometimes required to estimate the total core loss for a thickness 

x For a complete solution of this and the following problem, including 
the numerical values of C, see Steinmetz, Alternating Current Phenomena 
(1908), Chap. XIV. 
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of steel laminations other than those given in Fig. 10, or at a differ¬ 
ent frequency. For this purpose, it is necessary to separate the 
loss due to hysteresis from that due to eddy currents, because the 
two losses follow different laws, expressed by eqs. (20) and (22) 
respectively. 

In order to separate these losses at a certain flux density it is 
necessary to know the value of the total core loss at this density, 
and at two different frequencies. For a given sample of lamina¬ 
tions, the total core loss P at a constant flux density and at a 
variable frequency /, can be represented in the form 

P = Hf+Ff, .(23a) 

where Hf represents the hysteresis loss, and Ff 2 the eddy or Fou¬ 
cault current loss. H is the hysteresis loss per cycle, and F is the 
eddy-current loss when / is equal to one cycle per second. Writing 
this equation for two known frequencies, two simultaneous equa¬ 
tions are obtained for H and F } from which H and F can be deter¬ 
mined. 

In practice the preceding equation is usually divided by /, be¬ 
cause in the form 

P/f=H + Ff, .(236) 

it represents the equation of a straight line between P/f and /. 
This form is particularly convenient when the values of P are 
known for more than two frequencies. In this case the values of 
P/f are plotted against / as abscissae, and the most probable 
straight line is drawn through the points thus obtained. The 
intersection of this straight line with the axis of ordinates gives 
directly the value of H. After this, F is found from eq. (236). 

Knowing H and F at a certain flux density, the separate losses 
Hf and Ff 2 can be calculated for any desired frequency. For the 
same material, but of a different thickness, the hysteresis loss per 
kilogram weight is the same, while the eddy-current constant F 
varies as the square of the thickness, according to eq. (22). Thus, 
knowing the eddy loss at one thickness it can be estimated for any 
other thickness. 

It is sometimes required to estimate the iron loss at a flux den¬ 
sity higher than the range of the available curves; in other words, 
the problem is sometimes put to extrapolate a curve like one of 
those in Fig. 10. There are two cases to be considered. 
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(A) If two or more curves for the same material are available, 
taken at different frequencies, the hysteresis is first separated from 
the eddy-current loss as is explained before, for several flux densi¬ 
ties within the range of the curves. Then the exponent, according 
to which the hysteresis loss varies with the flux density is found, 
by plotting the hysteresis loss to a logarithmic scale (see problems 
18 and 19 above). Finally the two losses are extrapolated. In 
extrapolating, the hysteresis loss is assumed to vary according to 
the same law, and the eddy current loss is assumed to vary as the 
square of the flux density; see eq. (22). 

(B) Should only one curve of the total loss be available for 
extrapolation, this curve may be assumed to be a parabola of the 
form P=aB+bB 2 . Dividing the equation throughout by B we 
get 

P/B = a + 6B.(24) 

This is the equation of a straight line between P/B and B . Plot¬ 
ting P/B against the values of B as abscissae, a straight line is 
obtained which can be easily extrapolated. In some cases the 
values of P/B thus plotted give a line with a perceptible curva¬ 
ture. Nevertheless, the curvature is much smaller than that of 
the original P curve, so that the P/B curve can be extrapolated 
with more certainty, especially if the lower points be disregarded. 1 

Prob. 23. From the curves in Fig. 10 calculate the core loss per cubic 
decimeter of 29-gauge silicon-steel laminations, at a flux density of 10 
kl/sq.cm. and at 40 cycles. Ans. About 10 watts. 

Prob. 24. Using the data obtained in the solution of the preceding 
problem calculate the figure of loss of 26-gauge laminations at 60 cycles. 

, Ans. 2.7 watt/kg. 

Prob. 25. Check fhe curve of total core loss for the ordinary carbon 
steel at 40 cycles with the curves for 25 and 60 cycles. 

Prob. 26. Extrapolate the curve of core loss for the silicon steel at 25 
cycles up to the density of 20 kl./sq.cm. Which of the two methods is 
preferable? Ans. 21 watts per cu.dm, at B *20. 

Prob. 27. Show that the core loss curve for ordinary carbon steel, at 
60 cycles, follows closely eq. (24). 

1 If the P/B curve should prove to be a straight line, then it is probable 
that the hysteresis loss follows eq. 21a more nearly than eq. 20. In this case, 
even if we had data for two frequencies, method (B) would be both more 
accurate, and more simple than method (A). 




CHAPTER IV 


INDUCED E.M.F. IN ELECTRICAL MACHINERY 

23. Methods of Inducing E.M.F. The following are the prin¬ 
cipal cases of induced e.m.f. in electrical machinery and apparatus: 

(а) In a transformer, an alternating magnetizing current in the 
primary winding produces an alternating flux which links with 
both windings and induces in them alternating e.m.fs. A similar 
case is that of a variable current in a transmission line which 
induces a voltage in a telephone line which runs parallel to it. 

(б) In a direct-current machine, in a rotaiy converter, and in 
a homopolar machine electromotive forces are induced in the 
armature conductors by moving them across a stationary magnetic 
field. 

(c) In an alternator and in a synchronous motor, with a sta¬ 
tionary armature and a revolving field, electromotive forces are 
induced by making the magnetic flux travel past the armature 
conductors. 

(d) In a polyphase induction motor the currents in the stator 
and in the rotor produce together a resultant magnetomotive force 
which moves along the air-gap and excites a gliding (revolving) 
flux. This flux induces voltages in both the primary and the sec¬ 
ondary windings. 

(e) In a single-phase motor, with or without a commutator, the 
e.m.fs. induced in the armature are partly due to the “ transformer 
action,” as under (a), and partly to the “generator action,” as 
under ( b ). 

(/) In an inductor-type alternator both the exciting and the 
armature windings are stationary; the pole pieces alone revolve. 
The flux linked with the armature coils varies periodically, due to 
the varying reluctance of the magnetic circuit, because of the 
motion of the pole pieces. This varying flux induces an alternating 
e.m.f. in the armature winding. Or else, one may say that the 

55 



56 


THE MAGNETIC CIRCUIT 


[Airr. 23 


flux travels along the air-gap with the projecting poles, and cuts 
the armature conductors. 

(g) Whenever the current varies in a conductor, e.m.fs. are 
induced not only in surrounding conductors but also in the con¬ 
ductor itself. This e.m.f. is called the e.m.f. of self-induction. 
Such e.m.fs. are present in alternating-current transmission lines, 
in the armature windings of alternating-current machinery, etc. 
While the e.m.f. of self-induction does not differ fundamentally 
from the transformer action mentioned above, its practical aspect 
is such as to make a somewhat different treatment desirable. 
Inductance and its effects are therefore considered separately in 
chapters X to XII below. 

All of the foregoing cases can be reduced to the following two 
fundamental modes of action of a magnetic flux upon an electrical 
conductor: 

(1) The exciting magnetomotive force and the winding in which 
an e.m.f. is to be induced are both stationary, relatively to one 
another; in this case the voltage is induced by a varying magnetic 
flux. Changes in the flux are produced by varying either the 
magnitude of the m.m.f., or the reluctance of the magnetic circuit. 
This method of inducing an e.m.f. is usually called the transformer 
action. 

(2) The exciting magnetomotive force and the winding in which 
the e.m.f. is to be induced are made to move relatively to each 
other, so that the armature conductors cut across the lines of the 
flux. This method of inducing an e.m.f. is conventionally referred 
to as the generator action . 

By analyzing the transformer action more closely it can be 
reduced to the generator action, that is to say to the “ cutting ” of 
the secondary conductor by lines of magnetic flux or force. Tins is 
so, because in reality the magnetic disturbance spreads out in all 
directions from the exciting winding, and when the current in the 
exciting winding varies the magnetic disturbance travels to or 
from the winding in directions perpendicular to the lines of force 
(Fig. 11). This traveling flux cuts the secondary conductor and 
induces in it an e.m.f. However, the question as to whether an 
e.m.f. is induced by a change in the total flux within a loop, or by 
the cutting of a conductor by a magnetic flux is still in a somewhat 
controversial state; 1 although Hering's experiment is a strong 

1 Carl Hering, "An Imperfection in the Usual Statement of the Funda- 
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argument in favor of the theory of " cutting " of lines of force. 
He showed that no e.m.f. is induced in an electric circuit when a 
flux is brought in or out of it without actually cutting any of the 
conductors of the electric circuit. For practical purposes it is 
convenient to distinguish the transformer action from the genera¬ 
tor action, so that the matter of unifying the statements (1) and 
(2) into one more general law is of no immediate importance. 

24. The Formulae for Induced E.M.F. In accordance with the 

definition of the weber given in Art. 3, we have 

e=—d$/dt, .(25) 

where e is the instantaneous e.m.f. in volts, induced by the trans- 



Fig. 11.—E.M.F. induced by transformer action. 


former action in a turn of wire which at the time t is linked with a 
flux of 0 webers. The value of e is determined not by the value of 
0 but by the rate at which 0 varies with the time. In the case of the 
generator action d$ in formula (25) represents the flux which the 
conductor under consideration cuts during the interval of time dt. 

It can be shown that the two interpretations of d0 lead to the 
same result. Namely,in the case of the transformer action (Fig. 11), 
the new flux, d0, is brought within the secondary turn by cutting 
through the conductor of this turn. Therefore, in the case of the 

mental Law of Electromagnetic Induction, Trans. Amer. Inst Elec. Engs., 
Vol. 27 (1908), Part. 2, p. 1341. Fritz Emde, Das Induktionsgesetz, Elelc- 
trotechnik und Maschineribau , Vol. 26 (1908); Zum Induktionsgesetz, ibid., 
Vol. 27 (1909); De Baillehache, Sur la Loi de lTnduction, Bull. Society Inter¬ 
nationale des Electriciens, Vol. 10 (1910), pp. 89 and 288. 
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transformer action d& can also be considered as t ho llux which cuts 
the loop during the time, <//, the same as in t he generator net ion. 
On the other hand, the moving eonduelor in a generator is n part 
of a turn of wire, and any {lux which it cuts either increases or 
decreases the total llux linking with t he loop. (\msequently , in the 
case of the generator action d<P (‘an be interpreted as t he change oi 
flux within the loop, the same as in the transformer action. Thus, 
the mathematical expression for the induced e.m.L is the same 
in both cases, provided that the proper interpretation is given to 
the value of d(P. 

The sign minus in formula (25) is understood with reference to 
the right-hand screw rule (Art, 1), i.e., with reference to (lie direc¬ 
tion of the current which would flow as a result of the induced 
electromotive force. Namely, the law of the conservation of 
energy requires that this induced current must oppose any change 
in the flux linking with the secondary circuit. If this were other¬ 
wise, a slight increase in the flux would result in a further indefinite 
increase in the flux, and any slight motion of a conductor across a 
magnetic field would help further motion. 

The positive direction of the induced e.m.f. is understood to be 
that of the primary current which excites the flux at the moment 
under consideration. If the flux linked with the secondary circuit 
increases, d0/dt in formula (25) is positive*, but tin* secondary 
current must be opposite to the primary in order to oppose* the 
increase. Tims, the secondary current is negative, and by assump¬ 
tion the induced e.m.f. v is also negative. Therefore, the sign 
minus is necessary in the formula. When the flux decreases, 
d$/dt is negative, but the secondary current is positive, because it 
must oppose the reduction in flux. Hence, in order to make r a 
positive quantity, the sign minus is again necessary*. 

The following two special cases of formula (25) an* convenient 
in applications. Formula (25). gives the instantaneous value of 
the induced e.m.f.; it is in some .eases required to know the 
average e.m.f. induced during a finite change of the flux from 0\ 
to 0 2 * % definition, the average e.m.f. is 

1 C k . 

e ave **~T ) f( *i, 

where t x is the initial moment and t 2 the final moment of the 
interval of time during which the change in the flux takes place. 
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Substituting in this equation the value of e from (25), and integ¬ 
rating, we get 

^w=(0i“0 2 )/(*2--*i).*. (26) 

This shows that the average value of an induced e.m.f. does 
not depend upon the law according to which the flux changes with 
the time, and is simply proportional to the average rate of change 
of the flux. 

As another special form of eq. (25) consider a straight con¬ 
ductor of a length Z centimeters moving at a velocity of v centi¬ 
meters per second across a uniform magnetic field of a density of B 
webers per sq. cm. Let B, Z, and v be in three mutually perpendic¬ 
ular directions. The flux d& cut by the conductor during an infini¬ 
tesimal element of time dt is equal to Blvdt. Substituting this 
value into eq. (25) we get, apart from the sign minus, 

e = Blv .(27) 

Should the three directions, B , Z, and v } be not perpendicular to 
each other, Z in eq. (27) is understood to mean the projection of 
the actual length of the conductor, perpendicular to the field, and 
v is the component of the velocity normal to B and Z. Both B and 
v may vary with the position of the conductor, in which case eq. 
(27) gives the value of the instantaneous voltage. If, at a cer¬ 
tain moment, the various parts of the conductor cut across a field 
of different density, eq. (27) must be written for an infinitesimal 
length of the conductor, thus: de=Bv-dl } and integrated over 
the whole length of the conductor. 

Besides the rule given above, the direction of the e.m.f. induced 
by the generator action can also be determined by the familiar 
three-finger rule, due to Fleming, and given in handbooks and ele¬ 
mentary books on electricity. This rule is useful beause it empha¬ 
sizes the three mutually perpendicular directions, those of the 
flux, the conductor, and the relative motion. In applying this 
rule to a machine with a stationary armature one must remember 
that the direction of the motion in Fleming's rule is that of the 
conductor, and therefore is opposite to the direction of the actual 
motion of the magnetic field. 

Problem 1 . A secondary winding is placed on the ring (Fig. 1) and is 
connected to a ballistic galvanometer. Let the number of turns in the 
secondary winding be n, the flux linking with each turn be 0 webers, and 
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the total resistance of the secondary circuit be r ohms. Show th, 
the current in the primary winding is reversed, the discharge 
tne galvanometer is equal to 2 n(P/r, in coulombs. 

Prob. 2. A telephone line runs parallel to a direct-current 
feeder for 20 kilometers. When a current of 100 amperes flows 
the feeder a flux of 2 kilo-maxwells threads through the telepho 
per meter of its length. What is the average voltage induced in ‘ 
phone line when the current in the trolley feeder drops from 600 to 
within 0.1 sec.? Ans. 22 

Prob, 3. Determine the number of armature conductors in se: 
550 volt homopolar generator of the axial type, running at a pe 
speed of about 100 meters per sec., when the length of the armat 
is 50 centimeters, and the flux density in the air-gap is between 1£ 
kilolines per sq. cm. Note: For the construction of the machine 
Standard Handbook , index, under “ Generators, homopolar.” 

An 

Prob. 4. Draw schematically the armature and the field windi: 
shunt-wound direct-current generator, select a direction of rotati 
show how to connect the field leads to the brushes so that the r 
will excite itself in the proper direction. 

Prob. 5. From a given drawing of a direct-current motor prc 
direction of rotation. 

Prob. 6 . In an interpole machine the average reactance volt 
commutator segment during the reversal of the current is calculate 
equal to 34 volts. What is the required net axial length of the c 
tating pole to compensate for this voltage if the peripheral speed 
machine is 65 meters per second, and the flux density under the 
6 kl./sq.cm.? The armature winding has two turns per commuta 
ment. Ans. 22 

25. The Induced E.M.F. in a Transformer. The three 
of transformers used in practice are shown in Figs. 12, 13, a 
Considering the iron core as a magnetic link, and a set of p] 
and secondary coils as an electric link, one may say that tin 
type transformer has one magnetic link and two electric 
the shell-type has one electric link and two magnetic link, 
combination or cruciform type has one electric and four ma 
links. Still another type, not used in practice, can be ob' 
from the core-type by adding two or more electric links to th< 
magnetic link. Each electric link is understood to consist < 
windings: the primary and the secondary. 

When the primary winding is connected to a source of con 
potential alternating voltage and the secondary winding i, 
nected to a load, alternating currents flow in both windings a 
alternating magnetic flux is established in the iron core. 
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primary electric circuit, that is, the one connected to the source of 
power, were perfect, that is, if it possessed no resistance and no 
reactance, the alternating magnetic flux in the core would be the 
same at all loads. It would have such a magnitude that at any 
instant the counter-e.m.f. induced by it in the primary wind¬ 
ing would be practically equal and opposite to the impressed 
voltage. In reality the resistance and the leakage reactance of 
ordinary commercial transformers are so low that for the purposes 
of calculating the magnetic circuit the primary impedance drop may 
be disregarded, and the mag¬ 
netic flux considered constant 
and independent of the load. 

If the primary applied volt¬ 
age varies according to the sine 
law, which condition is nearly 
fulfilled in ordinary cases, the 
counter-e.m.f., which is practi¬ 
cally equal and opposite to it, 
also follows the same law. 

Hence, according to eq. (25), 
the magnetic flux must vary 
according to the cosine law, 
because the derivative of the 
cosine is minus the sine. In 
other words, both the flux and 
the induced e.m.f. vary accord- Fig. 12.—A core-type transformer, 

ing to the sine law, but the two 

sine waves are in time quadrature with each other. When the 
flux reaches its maximum its rate of change is zero, and therefore 
the counter-e.m.f. is zero. When the flux passes through zero its 
rate of change with the time is a maximum, and therefore the 
induced voltage at this instant is a maximum. 

Let# m be the maximum value of the flux in the core, in webers, 
and let / be the frequency of the supply in cycles per second. 
Then the flux at any instant t is # = # m cos 2nft, and the e.m.f. 
induced at this moment, per turn of the primary or secondary 
winding is 

e= — d0/dt—27tf0 m sin 2izft. 

Thus, the maximum value of the induced voltage per turn is 
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2 Tzf<» m ; hence, the effective value is \A\f<P m . Lot. 

there be N x primary turns in series; the total primiuy voltage is 
then equal to N\ times the preceding value. Impressing the. flux 
in megalines we therefore obtain the following practical formula, 
for the induced voltage in a transformer: 

—4.A4/N .(28) 





Fig. 13.— A shell-type 
transformer. 


Fia. 14 .—A orodform-type 

tmasfowniir. 


In practice, E x is assumed to be equal and opposite to the applied 
voltage (for calculating the flux only, but not for determining the 
voltage regulation of the transformer). Formula (28) holds also 
for the secondary induced voltage E% if the number of secondary 
turns in series N 2 be substituted for N x . The voltage per turn is 
the same in the primary and in the secondary winding; therefore, 
the ratio of the induced voltages is equal to that of the number 
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of turns in the primary and secondary windings: that is, we 
have Ei : E 2 = N x : iV 2 . 

Prob. 7. A 60-cycle transformer is to be designed so as to have a flux 
density in the core of about 9 kl./sq.cm.; the difference of potential 
between consecutive turns must not exceed 5 volts. What is the required 
cross-section of the iron? Ans. 210 sq.cm. 

Prob. 8 . The transformer in the preceding problem is to be wound for 
6600 v. primary, and 440 v. secondary. What are the required numbers 
of turns? Ans. 1320 and 88. 

Prob. 9. Referring to the transformer in the preceding problem, what 
are the required numbers of turns if three such transformers are to be used 
Y-connected on a three-phase system, for which the line voltages are 6600 
and 440 respectively? Ans. 765 and 51. 

Prob. 10. In a 110-kilovolt, 25-cycle transformer for Y-connection the 
net cross-section of the iron is about 820 sq.cm, and the permissible maxi¬ 
mum flux density is about 10.7 kl/sq.cm. What is the number of turns 
in the high-tension winding? Ans. 6500. 

Prob. 11. The secondary of the transformer in the preceding problem 
is to be wound for 6600 v., delta connection, with taps for varying the 
secondary voltage within ±5 per cent. Specify the winding. 

Ans. 709 turns; taps taken after the 34th and 68th turn. 

Prob. 12. Explain the reason for which a 60-cycle transformer usually 
runs hot even at no load, when connected to a 25-cycle circuit of the same 
voltage. Show from the core-loss curves that the voltage must be 
reduced to from 75 to 85 per cent of its rated value in order to have the 
normal temperature rise in the transformer, at the rated current. 

Prob. 13. Show graphically that the wave of the flux, within a trans¬ 
former, becomes more and more peaked when the wave of the applied e.m.f. 
becomes more and more flat, and vice versa. Hint: The instantaneous 
values of e.m.f. are proportional to the values of the slope of the curve of 
flux. 

Prob. 14. The wave of the voltage impressed upon a transformer has 
a 15 per cent third harmonic which flattens the wave symmetrically. Show 
analytically that the corresponding flux wave has a 5 per cent third har¬ 
monic in such a phase position as to make the flux wave peaked. 

26. The Induced E.M.F. in an Alternator and in an Induction 
Motor. Part of a revolving field alternator is shown in Fig. 15. 
The armature core is stationary and has a winding placed in slots, 
which may be either open or half closed. The pole pieces are 
mounted on a spider and are provided with an exciting winding. 
When the spider is driven by a prime mover the magnetic flux 
sweeps past the armature conductors and induces alternating 
voltages in them. 1 In order to obtain an e.m.f. approaching a sine 

1 For details concerning the different types of armature windings see the 
author’s Experimental Electrical Engineering, Vol, 2, Chap. 30. 



64 


THU MAC.NKTK' CIIUVIT 


wave as nearly as possible the pole shoes are shaped us 
in the sketch, that is to say, so as to make a variable uir-gi 
thus grade, the flux density from the center of the polo to tla¬ 
in hig'h-Hpeed turbo-alternators the field struetuie of ton 
smooth surface, without projecting poles (Hg. •!.!), in or 
reduce the noise and the windage loss. Such a structure 
stronger mechanically than one with projecting poles. I la 
ing of the flux is secured by distributing the field winding it 
so that the whole m.m.f. acts on only part of the pole pitch. 
Consider a conductor at it during the interval of time < 
which the flux moves by one pole pitch r. The average 



Fi«, 15. -The rtion of a nynrlmmmm murhiutt, 


induced in the conductor i« f according to o<p rill), rifiiiil to 
where 0 i« the total flux per pole in wrbew, mid T in fho t 

one complete cycle, eorrenpomling to 2: the apace of tw 
pitcheB. But T-^ 1//, bo that the average voltngi* induce 
conductor in 

e 

«l»r *V w ' *♦***»» 

The value of e me thus does not depend upon the distribution 
flux 0 in the air-gap. 

If the pole-pieces are shaped so as to give an appmxit 
sinusoidal distribution of flux in the air-gap, the induced e, 
also approximately a sine wave, and the rati** la-tween the 
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ive and the average' values of the voltaren is equal to \%j V2 
or 1.11. 1 If the shape of the induced e.m.f. departs widely from the 
sine wave the actual curve must be plotted and its form factor 
determined by one of the known methods (see the Electric ( Kr- 
nat). Let tin 4 form factor in general be % and let the machine 
have N armature* turns in series per phase, or what is the same, 
2iV conductors in series. The total induced e.m.f. in effective 
volts is then 

E^2f z <P2N .(30) 

This formula presupposes that there is but one slot per pole per 
phase, so that the* e.m.fs. induct'd in the separate conductors are all 
in phase with each other, and that their values are simply added 
together. In reality, then* is usually more than one slot per pole 
per phase, for practical reasons discussed in the next article. It 
will be seen from the figure that the e.m.fs, induced in adjacent 
slots are somewhat out of phase with each other, because the crest 
of the flux reaches different slots at different times. Therefore, 
the resultant voltage of the machine is somewhat smaller than that 
according to the preceding formula. The*, influence of the dis¬ 
tribution of the winding in the slots is taken into account by mul¬ 
tiplying the value of E in the preceding formula by a coefficient k b , 
which is smaller than unity and which is called the breadth factor. 
Introducing this factor, and assuming £«®1.11, which is accurate 
enough for good commercial alternators, we obtain 

E^4A4kfN<P\Q^, .(31) 

where 0 is now in megnlineH. Values of k h are given in the articles 
that follow. 

Formula (31) applies equally well to the polyphase induction 
motor or generator. There we also have a uniformly revolving 
flux in the air-gap, the flux density being distributed in space, 
according to the sine law. This gliding flux induces e.m.fs. in the 
stator and rotor windings. The only difference between the two 
kinds of machines is that in the synchronous alternator the field is 
made to revolve by mechanical means, while in an induction 
machine the field is excited by the polyphase currents flowing in 

1 For the proportions of a poie-nhoe which very nearly give a sine wave 
see Arnold, Werhnektnmtmhnik, Vol. 3 f p. 247. 
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the stator and rotor windings. The formula* of f his chapter ulsn 
apply without change to the synchronous motor, bemuse the e*m 
struction and the operation of the latter are identical with those of 
an alternator; the only difference being that an alternator tram* 
forms mechanical energy into electrical energy, while a s\ ucliro 
nous motor transforms energy in the reverse direction. In all 
cases the induced voltage is understood and not tin* line voltage 
The latter may differ considerably from the former, due to flit* 
impedance drop in the stator winding. 

Prob. 15. A delta-connected. 2300 v„ 60 cycle, l2S..Vr.|».m. alferuafor 
is estimated to have a useful flux of about 3.11 mcgiilmcs per pole. If the 
machine has one slot per pole per plume lam* many conductor* per slot are 

needed? S ' 

Prob. 16. A 1(X),(XX) cycle alternator for win'leas work has one eondur 
tor per pole and (UK) poles. The rated voltage at no loud is I HI v, What 
is the flux per pole and the spml of the machine? 

Ann. H2.fi maxwells; 2IMXMI r.p.iu. 

Prob. 17. It is desired to design a line of induction motors fur n per* 
ipheral speed of f)0 met, per see., the maximum density in the air gap to l*e 
about 6 kilolines per sq.cm. What will lx* the maximum voltage induced 
per meter of active length of the stator conductors? Hint: t # m* formula 
(27). Atm. dftuilf, 

Prob. 18. Formula (HI) is deduced under the assumption that met* 
armaturo conductor is subjected to the 41 cutting 11 action of the whole 
flux. In reality, almost the whole flux passes through the teeth Wtween 
the conductors, so that it may smn U|wm a superficial iiwpertifin flint 
little voltage could lx? inducted in the conductors which are etiiltrdilnl in 
slots. Show that such is not the case, and that the same average voltage 
is induced in the conductors placed in completely dosed dots, as t*i the 
conductors placed on the surface of a smooth-body armature, flint. 
When the flux moves, the same amount of magnetic disturbance must 
pass in the tangential direction through the slots as through the teeth. 

Prob. 19. Deduce eq, (31) directly from eq. (27), thin eq. GUI tie 
derived considering the e.m.f. to he induced by the transformer action? 

27. The Breadth Factor. Armature conductors an* usually 
placed in more than one slot per \mh per phase, for the following 

reasons: 

(а) The distribution of the magnetic field k mom* uniform, 
there being less bunching of the flux under the teeth; 

(б) The induced e.m.f. has a better wave form; 

(c) The leakage reactance of the winding is reduced ; 

(d) The same armature punching can be used fur machines with 
different numbers of poles and phases; 
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( e ) The mechanical arrangement and cooling of the coils is 
somewhat simplified. 

The disadvantage of a large number of slots is that more space 
is taken up by insulation, and the machine becomes more expen¬ 
sive, especially if it is wound for a high voltage. The electromo¬ 
tive force is also somewhat reduced because the voltages induced 
in different slots are somewhat out of phase with one another. 
The advantages of a distributed winding generally outweigh its dis¬ 
advantages, and such windings are used almost entirely. Thus, 
it is of importance to know how to calculate the value of the 
breadth factor kb for a given winding. 



i v 2 
□ " 3 

Fig. 16.—A fractional-pitch winding. 

In the winding shown in Fig. 15 each conductor is connected 
with another conductor situated at a distance exactly equal to the 
pole pitch. It is possible, however, to connect one armature con¬ 
ductor to another at a distance somewhat smaller than the pole 
pitch (Fig. 16). Such a winding is called a fractional-fitch wind¬ 
ing, in distinction to the winding shown in Fig. 15; the latter 
winding is called a full-pitch or hundred-per cent pitch winding. 
It will be seen from Fig. 16 that, with a two-layer fractional-pitch 
winding, some slots are occupied by coils belonging to two different 
phases. The advantages of the fractional-pitch winding are: 

(а) The end-connections of the winding are shortened, so that 
there is some saving in armature copper. 

(б) The end-connections occupy less space in the axial direc¬ 
tion of the machine, so that the whole machine is shorter. 
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(c) In a two-pole or four-pole machine it is necessary to use a 
fractional-pitch winding in order to be able to place machine- 
wound coils into the slots. 

A disadvantage of the fractional-pitch winding is that the 
e.m.fs. induced on both sides of the same coils are not exactly in 
phase with each other, so that for a given voltage a larger number 
of turns or a larger flux is required than with a full-pitch winding. 
Fractional-pitch windings are used to a considerable extent both 
in direct- and in alternating-current machinery. 

Thus, the induced e.m.f. in an alternator or an induction motor 
is reduced by the distribution of the winding in more than one 
slot, and also by the use of a fractional-winding pitch. It m 
therefore convenient to consider the breadth factor k b as being 
equal to the product of two factors, one taking into account the 
number of slots, and the other the influence of the winding pitch. 
We thus put 


h-KK, .(32) 

where k 8 is called the slot factor and k w the winding-pitch factor. 

For a full-pitch winding k w = 1, and k b = k 8 ; for a fractional- 
pitch unislot winding k 8 =l, and k b = k w . The factors k 6 and kw 
are independent of one another, and their values are calculated 
in the next two articles. 

28. The Slot Factor k*. Let the stator of an alternator (or 
induction motor) have two slots per pole per phase, and let the 
centers of the adjacent slots be displaced by an angle a, in electri¬ 
cal degrees, the pole pitch, r, corresponding to 180 electrical 
degrees. If E (Fig. 17) is the vector of the effective voltage 
induced in the conductors in one slot, the voltage E f due to the 
conductors in both slots is represented graphically as the geometric 
sum of two vectors E relatively displaced by the angle a . We see 
from the figure that %E'*=E cos i<x, or E'=*2E cos $a. If both sets 
of conductors were bunched in the same slot we would then have 
E'~ 2 E. Hence, in this case the coefficient of reduction in 
voltage, or the slot factor, = cos^n. 

Let now the armature stamping have S slots per pole per phase, 
the angle between adjacent slots being again equal to a electrical 
degrees. Let the vectors marked E in Fig. 18 be the voltages 
induced in each slot; the resultant voltage E f is found as the geo- 
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metric sum of the E’ s. The radius of the circle r=£2?/sin£a, and 
%E' = t sin JSa:. Therefore, 

k s = E'/SE = (sin $Sa) /(S sin ^a). . . . (33) 

When S = 2, the formula (33) becomes identical with the expres¬ 
sion given before. 




Fig. 17.—A diagram illustrating the slot Fig. 18.—A diagram illustrating 
factor with two slots. the slot factor with several slots. 

The angle a depends upon the number of slots and the number 
of phases. Let there be m phases; then aSm-= 180 degrees, and 

a = 180°/ (Sm) .(34) 

The values of k 8 in the table below are calculated by using the for¬ 
mulae (33) and (34). 

VALUES OF THE SLOT FACTOR k 8 


Slots per Phase 
per Pole. 

Single-phase 

Winding. 

Two-phase 

Winding. 

Three-phase 

Winding. 

1 

1.000 

1.000 

1.000 

2 

0.707 

0.924 

0.966 

3 

0.667 

0.911 

0.960 

4 

0.653 

0.907 

0.958 

5 

0.647 

0.904 

0.957 

6 

0.643 

0.903 

0.956 

Infinity 

0.637 

0.900 

0.955 


In single-phase alternators part of the slots are often left empty 
so as to reduce the breadth of the winding and therefore increase 
the value of k 8 . For instance, if a punching is used with six slots 
per pole, perhaps only three or four adjacent slots are occupied. 
In this case, it would be wrong to take the values of k 8 from the 
first column of the table. If, for instance, three slots out of six 
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are occupied, the value of k a is the same as for a two-phase wind¬ 
ing with three slots per pole per phase. 

Prob. 20. Check some of the values of k a given in the table above. 

Prob. 21. The armature core of a single-phase alternator is built of 
stampings having three slots per pole; two slots per pole are utilized. 
What is the value of k,? Ans. O.Ntiii. 

Prob. 22. A single-phase machine has 6' uniformly distributed slots per 
pole, of which only S' are used for the winding. What is the value of k„‘! 

Ans. Use S' in eq. (33) instead of S; preserve S in eq. (34). 

Prob. 23. A six-pole, 6600 v., Y-eonneetcd, 50-cycle turbo-alternator is 
to be built, using an armature with 90 slots. The estimated flux per pole 
is about 6 megalines. How many conductors are required per slot? 

Ans. 20. 

Prob. 24. What is the value of k 8 when the winding is distributed uni¬ 
formly on the surface of a smooth-body armature, each phase covering p 
electrical degrees? Solution: Referring to Fig. 18, k $ is in this case equal 
to the ratio of the chord E f to the arc of the circle which it subtends. The 
central angle is p, and we have k 8 — (sin§/?)/( 1^/180°). In a three-phase 
machine /? = 60 degrees, and therefore k 8 -0.955. This is the value given 
in the last column of the table above. 

Prob. 25. Deduce the expression for k 8 given in the preceding problem 
directly from formula (33). Solution: Substituting S-ocand 

a =0, an indeterminate expression, Q.oo, is obtained. But when the 
angle a approaches zero its sine is nearly equal to the arc, so that the 
denominator of the right-hand side of eq, (33) approaches the value 
where p is in radians. Changing p to degrees, the required 
formula is obtained. 

29. The Winding-pitch Factor ku,. Let the distance between 
the two opposite sides of a coil (Fig. 16) be 180 — 7 * degrees, where 
j is the angle by which the winding-pitch is shortened. The volt¬ 
ages induced in the two sides of the coil are out of phase with 
each other by the angle y, so that if the voltage induced in each 
side is e, the total voltage is equal to 2e Cosi) (Fig, 17). Fig. 17 
will apply to this case if we read y for the angle Hence, we 
have that 


k w *= cos ly .. . (35) 

In practice, the winding-pitch is measured in per cent, or as a frac¬ 
tion of the pole pitch r. For instance, if there are nine slots per 
pole and the coil lies in slots 1 and 8, th© winding-pitch is 7 / 9 , or 
77.8 per cent. If the coil were placed in slots 1 and 10 we would 
have a full-pitch, or a 100 per cent pitch winding. Let in gen- 
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eral the winding-pitch be expressed as a fraction. Then 
7 *= (1 — Q180°. Substituting this value of y into formula (35) we 
obtain 

^==eos [90°(1-;)].(36) 


The values of k w given in Fig. 19 have been calculated according 
to this formula. 

K 



In applications, one takes the value of k 8 from the table, assum¬ 
ing the winding pitch to be one hundred per cent, and multiplies it 
by the value of k w taken from the curve (Fig. 19). With frac¬ 
tional-pitch two-layer windings the value of k 8 corresponds to the 
number of slots per layer per pole per phase, and not to the total 
number of slots per pole per phase. This is clear from the explana¬ 
tion given in the preceding paragraph. Thus, for instance, in Fig. 
16, k 8 must be taken for three slots and not for five slots. If one 
has to calculate the values of k b often, it is advisable to plot a set 
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of curves, like the one in Fig. 19, each curve giving the values of k h 
for a certain number of slots per pole per phase, against per cent 
winding pitch as abscissae. 

Prob. 56. In a 4-pole, 72-slot, turbo-alternator the coils lie in slots 1 
and 13. What is the per cent winding-pitch and by what percentage is 
the e.m.f. reduced by making the pitch short instead of 100%? 

Ans. 66.7 per cent; 1 —k w = 13A per cent. 

Prob. 27. What is the flux per pole at no load in a 6600-volt, 25-cycle, 
500-r.p.m., Y-connected induction motor which has 90 slots, 36 conduc¬ 
tors per slot, and a winding-pitch of about 73 per cent? 

Ans. 7.26 megalines. 

Prob. 28. Show that for a chain winding k w is always equal to unity, 
in spite of the fact that some of the coils are narrower than the pole pitch. 

Prob. 29. Draw a sketch of a single-layer, fractional-pitch winding, 
using alternate slots for the overlapping phases. Show what values of k 8 
and k w should be used for such a winding. 

30. Non-sinusoidal Voltages. In the foregoing calculations 
the supposition is made that the flux density in the air-gap is dis¬ 
tributed according to the sine law so that sinusoidal voltages are 
induced in each conductor. Under these circumstances the 
resultant voltage also follows the sine law, no matter what the 
winding-pitch and the number of slots are. The flux is practically 
sinusoidal in induction motors because the higher harmonics of 
the flux are wiped out by the secondary currents induced in the 
low-resistance rotor. But in synchronous alternators and motors 
with projecting poles the distribution of the flux in the air-gap is 
usually different from a pure sine wave. For instance, when the 
pole shoe is shaped by a cylindrical surface concentric with that of 
the armature, the air-gap length and consequently the flux density 
are constant over the larger portion of the pole; therefore, the 
curve of the field distribution is a flat one. This shape is improved 
to some extent by chamfering the pole-tips or by shaping the pole 
shoes to a circle of a smaller radius, so that the length of the air-gap 
increases gradually toward the pole-tips. 

When a machine revolves at a uniform speed, the e.m.f. induced 
in a single armature conductor has exactly the shape of the field- 
distribution curve, because in this case the rate of cutting the flux 
is proportional to the flux density (see eq. 27 above). There¬ 
fore, when a machine has but one slot per pole per phase (which 
condition is undesirable, but unavoidable in low-speed alternators, 
or in those designed for extremely high frequencies), the shape of 
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the pole-pieces must be worked out very careiully in order to have 
an e.mi. approaching the true sine wave. With a larger number 
of slots this is not so necessary because the. em.fs. induced in differ¬ 
ent slots are added out of phase with each other, and the undesir¬ 
able higher harmonics partly cancel each other. The voltage 
wave is further improved by a judicious use of a fractional-pitch 
winding. These facts are made clearer in the solution of the prob¬ 
lems that follow. 1 

Prob. 30. The flux density in the air-gap under the poles of an alterna¬ 
tor is constant for 50 per cent of the pole pitch, and then it drops to zero, 
according to the straight-line law, on each side in a space of 15 per cent 
of the pole pitch. Draw to scale the curves of induced e.m.f. for the fol¬ 
lowing windings: (a) Single-phase, one slot per pole; (b) Single-phase, 
nine slots per pole, five slots being occupied by a one-hundred per cent 
pitch winding; (c) The same as in (b) only the winding-pitch is equal to 
7/9; (d) Three-phase, Y-connected full-pitch winding, two slots per pole 
per phase; in the latter case give curves of both the phase voltage and the 
line voltage. On all the curves indicate roughly the equivalent sine wave, 
in order to see the influence of the number of slots and of the fractional 
pitch in improving the wave form. 

Prob. 31. A three-phase, Y-connected alternator has three slots per 
pole per phase, and a full-pitch winding. The field curve has an 8 per 
cent fifth harmonic, that is to say, the amplitude of the fifth harmonic is 
0.08 of that of the fundamental sine wave. What is the magnitude of the 
fifth harmonic in the phase voltage and in the line voltage. Solution: In 
formula (33) the angle a between the adjacent slots is 20 electrical degrees 
for the fundamental wave. For the fifth harmonic the same distance 
between the slots corresponds to 100 electrical degrees. Hence, for the 
fundamental wave 

= sin 30°/(3 sin 10°) =0.96; 
while for the fifth harmonic 

fc dS =sin 1507(3 sin 50°) =0.217. 

This means that, due to the distribution in three slots, the fundamental 
wave of the voltage is reduced to 0.96 of its value in a unislot machine, 
while the fifth harmonic is reduced to only 0.217 of its corresponding value. 
Therefore, the relative magnitude of the fifth harmonic in the phase 
voltage is 8 X 21.7/96 = 1.8 per cent, which means that the fifth harmonic 
is reduced to less than one-fourth of its value in the field curve. In 
calculating the line voltage the vectors of the fundamental waves in a 
three-phase machine are combined at an angle of 120 degrees. Conse- 

1 For further details see Professor C. A. Adams’ paper on “ Electromotive 
Force Wave-shape in Alternators,” Trans . Amer. Inst. Elec. Engs., Yol. 
28 (1909), Part II, p. 1053. 
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quently, the vectors of the fifth harmonic are combined at an angle 
of 120X5=600 degrees, or what is the same, —120 degrees. Therefore 
the proportion of the fifth harmonic in the line voltage is the same as 
that in the phase voltage. 

Prob. 32. Solve the foregoing problem when the winding pitch is 7/9. 

Ans. 0.33 per cent. This shows that by properly selecting the 
winding pitch an objectionable higher harmonic can be 
reduced to a negligible amount. 

Prob. 33. Show that the line voltage of a Y-conneeted machine can 
have no 3d, 9th, 15th, etc. harmonics, that is to say, harmonics the num¬ 
bers of which are multiples of 3, no matter to what extent such harmonics 
are present in the induced e.m.fs. in each phase. 

Prob. 34 . Prove that in order to have even harmonics in the induced 
e.m.f. of an alternator two conditions are necessary: (a) the flux distribu¬ 
tion under the alternate poles must be different; (b) the distribution of 
the armature conductors under the alternate poles must also be different 
from one another. Indicate pole shapes and an arrangement of the arma¬ 
ture winding particularly favorable for the production of the second har¬ 
monic. Note: In spite of a different distribution of flux densities the 
total flux is the same under all the poles. Therefore, the average voltages 
for both half cycles are equal (see Art. 24), though the shape of the two 
halves of the curve may be different, due to the presence of even har¬ 
monics. This shows that there is no “ continuous-voltage component ” 
in the wave, or rather that the voltage is in no sense unidirectional, and 
tl\at a direct-current machine cannot be built with alternate poles without 
the use of some kind of a commutating device. 

31. The Induced E.M.F. in a Direct-current Machine. The 
e.m.f. induced in the armature coils of a direct-current machine 
(Fig. 20) is alternating, but due to the commutator, the voltage 
between the brushes of opposite polarity remains constant. 
This voltage is equal at any instant to the sum of the instantaneous 
e.m.fs. induced in the coils which are connected in series between 
the brushes. When a coil is transferred from one circuit to 
another, a new coil in the same electromagnetic position is intro¬ 
duced into the first circuit, and in this wise the voltage between 
the brushes is maintained practically constant, except for the small 
variations which occur while the armature is coming back to a 
symmetrical position. These variations are due to the coils short- 
circuited by the brushes and to the fac\t that the number of 
commutator segments is finite. 

Thus, to obtain the value of the voltage between the brushes, 
it is necessary to find the sum of the e.m.fs. induced at some 
instant in the individual armature coils which are connected in 
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series between the brushes. Each e.m.f. represents an instanta¬ 
neous value of an alternating e.m.f.; the e.m.fs. induced in different 
coils differing in phase from one another, because they occupy 
different positions with respect to the poles. The voltages induced 
in the extreme coils of an armature circuit differ from one another 
by one-half of a cycle. 

Instead of adding the actual instantaneous voltages, it is suffi¬ 
cient to calculate the average voltage per coil, and to multiply it 
by the number of coils in series, because the wave form of the 
e.m.fs. induced in all the coils is the same, and their phase differ¬ 



ence is distributed uniformly over one-half of a cycle. According 
to eq. (26) the average voltage per turn per half a cycle is 2 Q/\T, 
where $T is the time during which the coil moves by one pole 
pitch, and 0 is the flux per pole, in webers. Substituting 1 // for 
T, the average voltage per turn is equal to 4/0. Let there be N 
turns in series between the brushes of opposite polarity, then the 
induced voltage of the machine is 

J?=4/2V0Xl<r 2 ,.(37) 

where 0 is now in megalines. Thus, in a direct-current machine 
the induced voltage between the brushes depends only upon the 
total useful flux per pole, and not upon its distribution in the air- 

gap. 
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The relation between the number of turns in series and the total 
number of turns on the armature depends upon the kind of the 
armature winding. 1 If the armature has a multiple winding N is 
equal to the total number of turns on the armature divided by the 
number of poles. For a two-circuit winding the number of turns 
in series is equal to one-half of the total number of turns. The num¬ 
ber of poles and the speed of the machine do not enter explicitly 
into formula (37), but are contained in the value of /. 

Prob. 36. A 90-slot armature is to be used for a (>-pole, 5<S0-r.p.m., 250- 
v., direct-current machine with a multiple winding. How many conduc¬ 
tors per slot are necessary if the permissible flux per pole is about 3 mega¬ 
lines? Ans. h). 

Prob. 36. A 550-v., 4-pole railway motor has a two-circuit armature 
winding which consists of 59 coils, 8 turns per coil. The total resistance 
of the motor is 0.235 ohm. When the motor runs at 075 r.p.m. it takes in 
81 amp. What is the flux per pole at this load? Ana. 2.5 ml. 

Prob. 37. Show that in a direct-current machine the use of a fractional- 
pitch winding has no effect whatever upon the value of the induced e.m.f., 
as long as the winding-pitch somewhat exceeds the width of the pole shoe. 

Prob. 38. Prove that formula (37) is identical with the expression 

E - (p/f) (r.p.m./60)C$ X IQ- 2 ,.(38) 

where C is the total number of armature conductors, p is the number of 
poles, and p' is the number of circuits in parallel 

Prob. 39. Show that the induced e.m.f. is the same when the armature 
conductors are placed in open or in closed slots as when they are on the 
surface of a smooth-body armature. See Prob. 18, Art. 26. 

Prob. 40. Considerable effort has been made to produce a direct-cur¬ 
rent generator with alternate poles, and without any commutator. One of 
the proposals which is sometimes urged by a beginner is to use an ordinary 
alternator, and to supply the exciting winding with an alternating current 
of the synchronous frequency. The apparent reasoning is that the field 
being reversed at the completion of one alternation the next half wave of 
the induced e.m.f. must be in the same direction as the preceding one, thus 
giving a unidirectional voltage. Show that such a machine in reality 
would give an ordinary alternating voltage of double the frequency. 
Hint: Make use of the fact that an alternating field can be replaced by two 
constant fields revolving in opposite directions. Or else give a rigid 
mathematical proof by considering the actual rate at which the armature 
conductors are cut by the field, which field is at the same time pulsating 
and revolving. 

1 For details concerning the direct-current armature windings see the 
author’s Experimental Electrical Engineering, Vol 2, Chapter 30. 
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Prob. 41. Prove that if in the preceding problem the frequency of the 
rotation of the poles is f 1} and the frequency of the alternating current in 
the exciting winding is/ 2 , that the voltage induced in the armature is a com¬ 
bination of two waves having frequencies of f x +/ 2 and/i~/ 2 respectively. 

32. The Ratio of A.C. to D.C. Voltage in a Rotary Converter. 

A rotary converter resembles in its general construction a direct- 
current machine ; except that the armature winding is connected 
not only to the commutator, but also to two or more slip rings. 1 
When such a machine is driven mechanically it can supply a direct 
current through its commutator, and at the same time an alter¬ 
nating current through its slip rings. It is then called a double¬ 
current generator. But if the same machine is connected to a 
source of alternating voltage and brought up to synchronous 
speed it runs as a synchronous motor and can supply direct current 
through its commutator. It is then called a rotary converter. It 
is also sometimes used for converting direct current into alter¬ 
nating current, and is then called an inverted rotary. 

Both the direct and the alternating voltages are induced in the 
armature of a rotary converter by the same field, and our problem 
is to find the ratio between the two voltages for a given arrange¬ 
ment of the slip rings. Consider first the simplest case of a single¬ 
phase converter with two collector rings connected to the arma¬ 
ture winding, at some two points 180 electrical degrees apart. If 
the armature has a multiple winding each slip ring is connected 
to the armature in as many places as there are pairs of poles. In 
the case of a two-circuit winding each collector ring is connected 
to the armature in one place only. 

If the machine has p poles then p times during each revolution 
the direct-current brushes make a connection with the same arma¬ 
ture conductors to which the slip rings are connected. At these 
moments the alternating voltage is a maximum, because the direct- 
current brushes are placed in the position where the induced volt¬ 
age in the armature is a maximum. Thus, with two slip rings, 
connected 180 electrical degrees apart, the maximum value of the 
alternating voltage is equal to the voltage on the direct-current 
side. If the pole shoes are shaped so that the alternating voltage 
is approximately sinusoidal, the effective value of the voltage 
between the slip rings is 1/ v^2==70.7 per cent of that between the 

1 See the author’s Experimental Electrical Engineering , Vol. 2, Chapter 28. 
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direct-current brushes. The same ratio holds true for a two- 
phase rotary, for the voltages induced in each phase. 

Let now two slip rings be connected at two points of the arma¬ 
ture winding, a electrical degrees apart. In order to obtain the 

value of the alternating 
voltage the vectors of the 
voltages induced in the 
individual coils must be 
added, geometrically, as in 
Fig. 18. With a large num¬ 
ber of coils the chords can be 
replaced by the are, and in 
this way Fig. 21 is obtained. 
The diameter AfiV— ci of the 
semicircle represents the vector of the alternating voltage when 
the points of connection to the slip rings are displaced by ISO 
electrical degrees, while the chord MP**e a gives the voltage 
between two slip rings when the taps are distant by a electrical 
degrees. It will thus be seen that 

e a ^ei sin ia .(89) 

But we have seen before that e x ^Q.7Q7E, where E is the voltage 
on the direct-current side of the machine. Hence, for sinusoidal 
voltages, 

e a = 0.7077? sin 4a.(40) 

The following table has been calculated, using this formula. 

Number of slip rings. 2 3 4 5 

Angle between the adjacent taps in electrical 

degrees. 180 120 90 72 60 

Ratio of alternating to continuous voltage, in 

per cent. 70.7 61.2 50 41.5 35.3 

The foregoing theory shows that the ratio of the continuous to 
the alternating voltage is fixed in a given converter, and in order 
to raise the value of the direct voltage it is necessary to raise the 
applied alternating voltage. This is done in practice either by 
means of various voltage regulators separate from the converter, 
or by means of a booster built as a part of the converter. Another 
method of varying the voltage is by using the so-called split-pole 
converter. In this machine the distribution of the flux density in 



Fig. 21.—Relation between the alternating 
voltages in a rotary converter. 
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the air-gap can be varied within wide limits, and consequently 
that component of the field which is sinusoidal can be varied. The 
result is that the ratio of the direct to the alternating voltage is 
also variable. Namely, we have seen before that the value of the 
continuous voltage does not depend upon the distribution of the 
flux, but only upon its total value, while the effective value of the 
alternating voltage depends upon the sine wave or fundamental 
component of the flux distribution. 1 

Prob. 42. Check some of the values given in the table above. 

Prob. 43. A three-phase rotary converter must deliver direct current 
at 550 v. What is the voltage on the alternating-current side? 

•Ans. 337 v. 

Prob. 44. The same rotary is to be tapped in three additional places so 
as to get two-phase current also. How many different voltages are on 
the alternating-current side and what are they? 

Ans. 389, 337, 275,195,100. 

Prob. 45. The table given above holds true only when the flux density 
is distributed approximately according to the sine law. Show how to 
determine the ratio of alternating to continuous voltage in the case of two 
collector rings connected to taps 180 electrical degrees apart, when the 
curve of field distribution is given graphically. Solution: Divide the pole 
pitch into a sufficient number of equal parts and mark them on a strip of 
paper. Place the strip along the axis of abscissa'. The sum of the ordi¬ 
nates of the flux-density curve, corresponding to the points of division, at 
a certain position of the strip, gives the instantaneous value of the alter¬ 
nating voltage. Having performed the summation for a sufficient number 
of positions of the strip, the wave of the induced e.m.f. is plotted. The 
scale of the curve is determined by the condition that the maximum ordi¬ 
nate' is equal to the value of the continuous voltage. The effective value is 
found in the well-known way, either in rectangular or in polar coordinates 
(see tne Electric Circuit , Arts. 17 and 18). 

Prob. 46. Apply the solution of the preceding problem to the field dis¬ 
tribution specified in Prob. 30, Art. 30. Ans. 81.5 per cent. 

Prob. 47. Extend the method described in Prob. 45 to the case when 
the distance between the taps connected to the slip rings is less than 
180 degrees. Show how to find the scale of voltage. 

Prob. 48. How does a fractional pitch affect the values given in the 
table above, and the solution outlined in Prob. 45? 

Prob. 49. Show how to solve problems 45 to 48 when the field curve 
is given analytically, as B~F(a) t for instance in the form of a Fourier 
series. Hint: See C. A. Adams, “ Voltage Ratio in Synchronous Conver¬ 
ters with Special Reference to the Split-pole Converter,” Trans. Amer. 
Inst. Elec. Engs., Vol. 27 (1908), part II, p. 959. 

1 See C. W. Stone, “ Some Developments in Synchronous Converters,” 
Trans. Amer . Inst. Elec. Engs., Vol. 27 (1908), p. 181. 
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THE EXCITING AMPERE-TURNS IN ELECTRICAL 
MACHINERY 

33. The Exciting Current in a Transformer. The magnetic 
flux in the core of a constant-potential transformer is determined 
essentially by the primary applied voltage, and is practically 
independent of the load (see Art. 25). When the terminal 
voltage is given, the flux becomes definite as well. The ampere- 
turns necessary for producing the flux are called the mag¬ 
netizing or the exciting ampere-turns. When the secondaiy cir¬ 
cuit is open the only current which flows through the primary 
winding is that necessary for producing the flux. This current is 
called the no-load, exciting, or magnetizing current of the trans¬ 
former. When the transformer is loaded, the vector difference 
between the primary and the secondary ampere-turns is practi¬ 
cally equal to the exciting ampere-turns at no-load. 

The exciting current is partly reactive, being due to the 
periodic transfer of energy between the electric and the magnetic 
circuits (see Art. 16 above), partly it represents a loss of energy 
due to hysteresis and eddy currents in the core. Some writers call 
the reactive component of the no-load current the magnetizing 
current, and the total no-load current the exciting current. 
Generally, however, the words magnetizing and exciting are used 
interchangeably to denote the total no-load current. The 
components of the current in phase and in quadrature with the 
induced voltage are called the energy and the reactive components 
respectively. 

The no-load or exciting current in a transformer must usually 
not exceed a specified percentage of the rated full-load current; 
it is therefore of importance to know how to calculate the 
exciting current from the given dimensions of a transformer. 
Knowing the applied voltage and the number of turns, the maxi¬ 
mum value of the flux is calculated from eq. (28). We shall 
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assume first that the maximum flux density in tlm core is so 
low, that if lies practically on the straight part of the mag¬ 
net Nation curve of the material (Fig. :}). The case of high flux 
densities in considered in the next article. 

Since by assumption the instantaneous magnetomotive forces 
are proportional to the corresponding flux densities, the magnetiz¬ 
ing current must vary according to the sine law. It, is sullicient, 
therefore, to calculate tin* maximum value of the magnetomotive 
force, corresponding to the maximum tlux. Knowing the ampli¬ 
tude <P m of the flux and the net cross-section of the core, A, the 
flux density H m becomes known; from the magnetization curve of 
the material (Fig. 8) the corresponding value of or the ampere- 
turns per unit length of path, is found. The moan length l of the 
lines of force is determined from the drawing of the con*, so that 
the total magnetizing ampere-turns M m II m l can be calculated. 
The* mean magnetic path around the corners is somewhat shorter 
than the mean geometric path. 

1 A'\ »t be the number of turns in the primary winding, and i Q 
the vjftvtiir value of the reactive component of the exciting cur¬ 
rent. We have then 

....... (41) 

From this equation the quantity which is unknown can be calcu¬ 
lated. 

It is presupposed in the* above deduction that tin* joints 
between the laminations ofTer no reluctance. In reality, 
the contact reluctance is appreciable; its value depends upon 
the character of the joints, and the care exercised in the 
assembling of the core. This reluctance of the joints can be 
expressed by the length of an equivalent air-gap having the same 
reluctance. Thus, experiments show that each overlapping joint 
is equivalent to an air-gap 0.04 mm. long. A butt joint, with 
very careful workmanship, is equivalent to an air-gap of about 
0.05 mm.; in practice, a butt joint may offer a reluctance of from 
50 to 100 per cent higher than the foregoing valued Knowing the 

1 H, Buttle, “Magnetic* Itohustanoo of Joints in Transforming Iron/' Jourrud 
(British) tml EMr, lu Vol. 41, 11108, p. 527. It at convenient to 
eatimuft! the influence of the joints in ampere-turns at a standard flux 
density. For each lap joint 82 amjwo-turtts must 1 ms added at a density 
of 10 kilctlln«t per wptiiro centimeter, while a butt joint requires at the same 
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length «. of the equivalent air-gap, the munlu>r of additional ampere- 
turns is calculated according to the formula <*/*•„, and then is 
multiplied by the number of joints in series (usually four). This 
number of ampere-turns must be added to .1 / ,„ ealeuluted above. 

The energy component i t of the exciting current is determined 
from the power lost in hysteresis and eddy currents in the core. 
Having calculated this power /’as is explained in Article It), we 
find i^P/Kx, where E\ is the primary applied voltage. Knowing 
i„ and/], the total no-load current is Found as their geometric sum, 
W— (tWr)- 

The watts expended in core loss depend onh upon the volume 
of the iron, the frequency, and the (lux density Used. It can be 
also shown that the reactive volt-amperes required for the excita¬ 
tion of the magnetic circuit of a transformer depend only upon the 
volume of the iron, the frequency, and the (lux density. Namely, 
neglecting the influence of the joints, eq. pi 1) can 1 h' written in the 
form 

Eq. (28) in Art. 2, r > can be writ ten as 

A’i 4.44/q/.l/i,„V 10 ’ 

where .4 is the cross-section of the iron, and //„, is the maximum 
(lux density, in kilolines per square centimeter. Multiplying these 
two equations together, term by term, and cancelling n, we get, 
after reduction, 

A'tU/r ■ in .(42) 

where V=Al is the volume of the iron, in cubic centimeters. 
The left-hand side of eq. (42) represents the reactive magnetizing 
volt-amperes per unit volume of iron; the right-hand side is a 
function of/and Ji m only, because //„, can !«■ expressed through 
Ii„, from the magnetization curve of the material. 

Formula (42) can be. plotted as a set of curves, um* for each 
commercial frequency. These curves are quite convenient in the 
design of transformers, lnwauso they enable one to estimate 
directly either the permissible volume of iron, or the {termissible 
flux density, when the reactive component of the exciting cur- 

density from 60 to 80 ampere-turns. At other tlux densities the increase 
is proportional. 
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rent is limited to a certain percentage of the full-load current. In 
practice, such curves are sometimes plotted directly from the 
results of tests on previously built transformers. These experi¬ 
mental curves are the most secure guide for predicting the exciting 
current in transformers; formula (42) shows their rational basis. 

Prob. 1. Prove that if there were no core loss the exciting current 
would be purely reactive, that is to say, in a leading phase quadrature 
with the induced voltage. 

Prob. 2. The core of a 22-kv. 25-cycle transformer, like the one 
shown in Fig. 12, has a gross cross-section of 4500 sq.cm.; the mean 
path of the lines of force is 420 cm.; the material is silicon steel; the 
maximum flux is 36 megalines. The expected reluctance of each of the 
four butt joints is estimated to be equivalent to an 0.08 mm. air-gap. 
What are the two components of the exciting current, and what is the 
total no-load current? Ans. 1.8; 0.4; 1.85. 

Prob. 3. In what respects does the calculation of the magnetizing 
current in a shell-type or cruciform-type transformer differ from that 
in a core-type transformer? 

Prob. 4. Show that for flux densities up to 10 kl./sq.cm, the mag¬ 
netizing volt-amperes per kilogram of carbon steel at 60 cycles are 
approximately equal to 7.3(I?m/10) 2 . 

Prob. 6. Show that the influence of the joints can be taken into 
account in formula (42) by adding to the actual volume of the iron 
the volume of the air-gaps multiplied by the relative permeability of 
the iron. 

Prob. 6. A shell-type 1000-kva., 60-cycle transformer is to have a 
core made of silicon-steel punchings of a width to = 11 cm. (Fig. 13); 
the average length of the magnetic path in iron is 180 cm.; the reactive 
component of the no-load current must not exceed 2 per cent of the 
full-load current. Draw curves of the required height of the core per 
link, and of the total core loss in per cent of the rated kva., for flux 
densities up to 10 kl./sq.cm. 

Ans. J5 2 A=5200; at B=9, P = 0.51 per cent. 

34. The Exciting Current in a Transformer with a Saturated 
Core. In the preceding article the flux density in the core is 
supposed to be within the range of the straight part of the satura¬ 
tion curves (Fig. 3), so that, when the flux varies according to the 
sine law, the magnetizing current also follows a sine wave. We 
shall now consider the case when the flux density rises to a value 
on or beyond the knee of the magnetization curve. Such high flux 
densities are used with silicon steel cores, especially at low frequen¬ 
cies. In this case the magnetizing current does not vary according 
to the sine law, but is a peaked wave, because at the moments when 
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the flux is approaching its maximum, the current is increasing 
faster than the flux, on account of saturation. The amplitude 
factor of the current wave, or the ratio of the amplitude to the 
effective value is no more equal to V2, but is larger. Let this 
ratio be denotedby / a . Then eq. (41) becomes 

ioniXa=M m , .(43) 

where is as before the effective value of the reactive component 
of the exciting current. The value of %a obtained by actually 



Fig. 22.—Ratio of the amplitude to the effective value of the magnetizing 

current. 


plotting the curve of the magnetizing current from point to point 
and calculating its effective value. Since the procedure is rather 
long, it is convenient to calculate the values of % a once for all for 
the working range of values B m . This has been done for the mate¬ 
rials represented in Fig. 3, and the results are plotted in Fig. 22. 

Strictly speaking, the exciting current is unsymmetrical, due 
to the effect of hysteresis, and the values of y a ought to be cal¬ 
culated, using the hysteresis loops of the steel. However, it is very 
nearly correct to calculate % a from the magnetization curve, and to 
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calculate the energy component of the exciting current separately, 
from the core loss curves (Fig. 10). The magnetizing current 
required for the joints is calculated separately, using 2 a =\/ 2 , 
according to eq. (41). The total effective magnetizing current is 
found by adding together the values of i 0 for the iron and for the 
joints. The loss component, i u is added to this value in quadra¬ 
ture, to get the total no-load current. As is mentioned above, it 
is preferred in practice to estimate the total exciting current of new 
transformers from the curves of no-load volt-amperes per kilogram 
of iron, the values being obtained from tests on similar trans¬ 
formers. 

Prob. 7. The core of a 25-cycle cruciform type transformer (Fig. 14) 
weighs 265 kg.; the mean length of the magnetic path is 170 cm.; the 
material is silicon steel. The 4400-v. winding of the transformer has 
1100 turns in series. What is the reactive component of the no-load 
current? Ans. 8.4 amperes. 

Prob. 8. Check a few points on the curves in Fig. 22. 

Prob. 9. Show that in formula (42) the coefficient iz is a special 
case of the more general factor 4.44/^ a , when the magnetizing current 
does not follow the sine wave. 

Prob. 10. What are the reactive volt-amperes per kilogram of carbon 
steel at 40 cycles and at a flux density of 16 kl./sq.cm.? Ans. 56.4. 

Prob. 11. Show how to calculate the exciting ampere-turns required 
for a given flux in a thick and short core in which the flux density is 
different along different paths. 

35. The Types of Magnetic Circuit Occurring in Revolving 
Machinery. The remainder of this chapter and the next chapter 
have for their object the calculation of the exciting ampere-turns 
necessary for producing a certain useful flux in the principal types 
of electric generators and motors. In direct-current machines, 
in alternators, and in rotary convertors it is necessary to know the 
exciting or field ampere-turns in order to plot the no-load satura¬ 
tion curve, to predict the performance of the machine under vari¬ 
ous loads, and to design the field coils. In an induction motor one 
wants to know the required excitation in order to determine the 
no-load current, or to calculate the number of turns in the stator 
winding, when the limiting value of the no-load current is pre¬ 
scribed. The general procedure in determining the required 
number of ampere-turns for a given flux is in many respects the 
same in all the types of electrical machinery, so that it is possible 
to outline the general method before going into details. 



86 


THE MAGNETIC CIIUTTT 


[\ia. :c> 


In direct-current- machines and in synchronous geneiat ors, 
motors, and rotary converters, the magnetic flux (Hgs, lo and 20) 
from a field pole' passes into the air-gap and the aimatute teeth. 
In the armature core the flux is divided into two halves, each half 
going to one of the adjacent poles. The magnetic paths are com¬ 
pleted through the field frame. Hart of the flux passes directly 
from one pole to the two adjacent poles through the air, without 
going through the armature. This part of the flux is known as 
the leakageJI ujc. The closed magnetic paths and the field roils of a 
machine may he thought- of as the consecutive links of a closed 
chain. While in a transformer the chain is open, in generators 



induction motor Cm* pearrii!or). 

and motors the chain must he closed on account of the continuous 
rotation. 

In induction machines, both generators and motors (Fig. 281, 
the flux at no load is produced by the currents in the stator wind¬ 
ings only. When the machine is loaded, the flux is produced by 
the combined action of the stator and rotor currents, the rotor eur- 
rents opposing those in the stator, the same as in a transformer. 
Therefore, the flux in the loaded machine may be regarded as the 
resultant of the following three component fluxes: The main or 
useful flux, $, which links with both the primary and the secondary 
windings; the primary leakage flux, #*, which links with the stator 
winding only; and the secondary leakage flux, which is linked 
with the rotor winding alone. The leakage fluxes not only do not 
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contribute to the useful torque of the machine, but actually reduce 
it. In reality, there is of course but one flux, the resultant of the 
three, but for the purposes of theory and computations the three 
component fluxes can be considered as if they had a real separate 
existence. In this and in the following chapter the main flux 
only will be discussed for this type of machinery. Considera¬ 
tion of the leakage flux will be reserved to Art. 66. 

The total magnetomotive force per magnetic circuit is equal 
to the sum of the m.m.fs. necessary for establishing the required 
flux in the separate parts of the circuit which are in series, viz., the 
pole-pieces, the air-gap, the teeth, and the armature core. All the 
necessary elements for the solution of this problem have been dis¬ 
cussed in the first two chapters. It remains here to establish some 
semi-empirical u short-cut ” rules and formulae for the irregular 
parts of the circuit, for which, although close approximations can 
be made, the exact solution is either impossible or too complicated 
for the purposes of this text. The following topics are considered 
more in detail in the subsequent articles of this and of the follow¬ 
ing chapter. 

(a) The ampere-turns necessary for the air-gap when it is 
limited on one side or on both sides by teeth, so that the flux den¬ 
sity in the air-gap is not uniform. 

(b) The ampere-turns necessary for the armature teeth when 
they are so highly saturated that an appreciable part of the flux 
passes through the slots between the teeth. 

(c) The ampere-turns necessary for the highly saturated cores 
in which the lengths of the individual paths differ considerably 
from one another, with a consequent lack of uniformity in the flux 
density. 

(d) The leakage coefficient and the value of the leakage flux 
which passes directly from pole to pole. This leakage flux 
increases the flux density in the poles and in the field frame of the 
machine, and consequently increases the required number of 
ampere-turns. 

All of the m.m.f. calculations that follow are per pole of the 
machine, or what is the same, for one-half of a complete magnetic 
circuit (cdfg in Figs. 15, 20, and 23),the two halves being identical. 
This fact must be borne in mind when comparing the formulae with 
those given in other books, in which the required ampere-turns are 
sometimes calculated for a complete magnetic circuit. 
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Prob. 12. Inspect working drawings of electrical machines found 
in various books and magazine articles; indicate the paths of the main 
and of the leakage fluxes; and make clear to yourself the reasons for the 
use of different kinds of steel and iron in the frame, the core, the pole- 
pieces, and the pole shoes. 

Prob. 13. Make sketches of the magnetic circuit of a turbo-alternator 
with a distributed field winding, of a homopolar machine, of an inductor- 
type alternator, and of a single-phase commutator motor. Indicate the 
paths of the useful and of the leakage fluxes. 

36. The Air-gap Ampere Turns. The general character of the 
distribution of the magnetic flux in the air-gap of a synchronous 
and of a direct-current machine is shown in Fig. 24, the curvature 
of the armature being disregarded. The principal features of this 
flux distribution are as follows: 



Fig. 24.—The cross-section of a direct-current or synchronous machine, 
showing the flux in the air-gap. 

(a) The flux per tooth pitch X is practically the same under all 
the teeth in the middle part of the pole, where the air-gap has a 
constant length, and is smaller for the teeth near the pole-tips 
where the air-gap is larger. 

(b) On the armature surface the flux is concentrated mainly 
at the tooth-tips; very few lines of force enter the armature 
through the sides and the bottom of the slots. 

(c) There is a -considerable spreading, or fringing, of the lines 
of force at the pole-tips. 

(d) In the planes passing through the axis of the shaft of the 
machine there is also some spreading or fringing of the lines of 
force at the flank surfaces of the armature and the pole, and in 
the ventilating ducts. 
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This picture of the flux distribution follows directly from the 
fundamental law of the magnetic circuit, the flux density being 
higher at the places where the permeance of the path is higher. 
The actual flux distribution is such that the total permeance of all 
the paths is a maximum, as compared to any other possible distri¬ 
bution. In other other words, the flux distributes itself in such a 
way, that with a given m.m.f. the total flux is a maximum, or with 
a given flux the required m.m.f. is a minimum. This is confirmed 
by the beautiful experiments of Professor Hele-Shaw and his col¬ 
laborators, 1 who have obtained photographs of the stream lines of a 
fluid flowing through an arrangement which imitated the shape 
and the relative permeances of the air-gap and of the teeth in an 
electric machine. 

Let (P a be the total permeance in perms of the air-gap between 
the surface of the pole shoe and the teeth, and let $ be the useful 
flux per pole, in maxwells, which is supposed to be given. Then, 
according to eq. (2), Art. 5, the number of ampere-turns required 
for the air-gap is 

M a =0/ (p a .(44) 

The problem is to calculate the permeance of the gap from the 
drawing of the machine. 

One of the usual practical methods is to calculate (P under cer¬ 
tain simplifying assumptions and then multiply the result by* an 
empirical coefficient determined from tests on similar machines. 
The simplest assumptions are (Fig. 25): (a) that the armature has 
a smooth surface, the slots being filled with iron of the same per¬ 
meability as that of the teeth; (6) that the external surface of the 
pole shoes is concentric with that of the armature; (c) that the 
equivalent air-gap a eq is equal to two-thirds of the minimum air- 
gap plus one-third of the maximum air-gap of the actual machine; 
id) that the ventilating ducts are filled with iron; ( e ) that the paths 
of the fringing flux at the edges of the pole shoe are straight lines, 
and extend longitudinally to the edge of the armature surface and 
laterally for a distance equal to the equivalent air-gap on each 
side. 

1 For a detailed account of the experimental and theoretical investigations 
on this subject, with numerous references, see Hawkins and WalliS, The 
Dynamo (1909), Vol. 1, Chapter XV. 
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With these assumptions, the permeance of the u simplified ” 
air-gap is 

(P 8 =l.25w 6 l 8 /a eq) .(45) 

where w s is the average width of the flux, and l 8 is its average 
axial length. Or 

w 8 = i(w a + w P ) = w p +a'; 


^ Q'a "h Ip) j 


a eq = fa min + max. 


The lateral spread of of the lines of force at each pole-tip is 
taken to be approximately equal to a etl . 
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Fig. 25.—Magnetic flux in the simplified air-gap. 

The permeance of the actual air-gap is smaller than that of the 
simplified gap, so that we have 

. 


0> 


.( 40 ) 

where k a is a coefficient larger than unity, called the air-gap factor. 
Substituting the value of (P from eq. (46) into (44) gives 


M a ~k a $/(P 8 .(47) 


so that k a is the factor, by which the ampere-turns for the simplified 
air-gap must be multiplied in order to obtain the ampere-turns 
required for the actual air-gap. The value of k a usually varies 
between 1.1 and 1.3, depending on the relative proportions of the 
teeth, the slots, and the air-gap, and on the shape of the poles. 

The numerical values of fc a are calculated from the results of tests 
on machines of proportions similar to that being computed. Let 
the no-load saturation curve of a machine be available from test; 
this is a curve which gives the relation between the induced voltage 
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and the field current of the machine. From the known specifica¬ 
tions of the machine this curve can be easily converted into one 
which gives the useful flux per pole against the ampere-turns per 
pole as abscissae. The lower part of such a curve is always a 
straight line, there being then practically no saturation in the iron. 
On this part of the curve, practically the whole m.m.f. is consumed 
in the air-gap, so that the actual permeance of the air-gap is found 
by dividing one of the ordinates by the corresponding abscissa' 
The permeance of the simplified air-gap is calculated from eq. (45), 
and the ratio of the two gives the value of the coefficient k a . This 
value is then used in the design and calculation of the performance 
of new machines with similar proportions. Engineering judg¬ 
ment and practical experience are factors of considerable impor¬ 
tance in estimating the values of k a for new machines. 

The same method of calculating the air-gap ampere-turns is 
applicable to induction machines (Fig. 23). The ampere-turns 
are computed, assuming both the rotor and the stator to have 
smooth iron surfaces, without slots; the result is then multiplied 
by a factor k a larger than unity, determined from tests upon 
machines of similar proportions. 

A more accurate, though more elaborate, method for calcula¬ 
ting the air-gap ampere-turns is explained in the next article. 

Prob. 14. Calculate the air-gap ampere-turns per pole for a 6600 v., 
25-cycle, 375-r.p.m. alternator to be built according to the following 
specifications: The bore 2.4 m.; the gross axial length of the armature 
core 55 cm.; seven air ducts 9 mm. each; the minimum air gap is 15 
mm.; the maximum air gap is 24 mm. The poles cover 66 per cent of 
the periphery; the axial length of the pole shoes is 53 cm. The useful 
flux per pole at no-load and at the rated voltage is 19.1 megalines. The 
air-gap factor is estimated to be about 1.15. Ans. 9100 

Prob. 16. The no-load characteristic obtained from the test upon 
the machine specified in the preceding problem has a straight part such 
that at a field current of 45 amp. the line voltage is 4000 v. Each field 
coil has 120 turns. What is the true value of the air-gap factor? 

Ans. 1.125. 

Prob. 16. A pole shoe is so shaped that the minimum air-gap is a 0 
and the maximum air-gap is di-Oo+Ja, the increase in the length being 
proportional to the square of the distance from the center of the pole. 
What is the length a cq of the equivalent uniform air-gap such that its 
total permeance is the same as that of the given air-gap? Assume a 
smooth-body armature, and neglect the fringing at the pole-tips. Solu¬ 
tion: Let the peripheral width of the pole be 2 w; then the length of 
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the air-gap at a distance x from the center is a x = Oq + Ja(x/w) 2 . The per¬ 
meance of an infinitesimal path of the width dx is proportional to dx/a x . 
Hence we have the relation 


from which 


J r*W 

dx/[a 0 +da(x/w) 2 ]=* w/a ei 
n 


a eQ = V 7 a Q Ja/ tan 1 (\/ Aaj a 0 ). 


Prob. 17. What is the length of the equivalent air-gap in the preced¬ 
ing problem if the clearance at the pole-tips is twice the clearance at 
the center of the pole? Ans. 1.273a 0 . 

Prob. 18. Show that, when the air-gap is non-uniform, the length 
of the equivalent uniform gap can be determined approximately, accord¬ 
ing to Simpson's Rule, from the equation 

1= 4(a 0 “f" "bUj ), 

where a 0 , a 1} and a m are the lengths of the gap at the center, at the tip of 
the pole, and midway respectively. If the air-gap is uniform under the 
major portion of the pole, but the pole shoe is chamfered, more terms 
must be taken in Simpson's formula in order to obtain a eq with a 
sufficient accuracy. 

Prob. 19. What is the length of the air-gap required in problems 
16 and 17, according to the formula given in problem 18? 

Ans. 1.276a0. 


37. The Method of Equivalent Permeances for the Calculation 
of Air-gap Ampere-turns. An inspection of Fig. 24 will show that 
the total permeance of the air-gap is made up of a number of per¬ 
meances in parallel. It is equal therefore to the sum of these 
permeances. For the purpose of calculation two kinds of per¬ 
meances are considered separately: those from the teeth to 
the pole surface proper, and those from the teeth to the pole-tips. 
The former can be calculated quite accurately, the latter are to 
some extent estimated. 

The permeance per tooth pitch in the part of the air-gap near 
the center of the pole can be divided into two parts, that under the 
tooth-tip, and the fringe from the sides of the slots and in the ven¬ 
tilating ducts. The permeance of the paths which proceed from 
the tooth-tip constitutes the larger portion and is made up of 
nearly parallel lines; this permeance is therefore easily computed. 
The values of the permeance of the fringe from the flank of the 
tooth to the perpendicular surface of the pole have been deter- 
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mined theoretically by Mr. F. W. Carter. 1 Only the numerical 
results are given here, in a somewhat simplified practical form; 
the solution itself presupposing a knowledge of the properties of 
conjugate functions. 2 

Consider the permeance of two tooth fringes, such as opqr and 
o'p'q'r' (Fig. 24), perpendicular to the plane of the paper. This 
permeance depends only upon the ratio of the slot width $ to the 
length a of the air-gap, for let both $ and a be increased say twice: 
The length and the cross-section of each elementary tube of force 
is also increased twice, hence its permeance remains the same. 

The permeance of each fringe can be replaced by the permeance 
of an equivalent rectangular path of the length a and of a width 
\At (Fig. 26). This is the same as increasing the width of the 
tooth by the amount At and assuming all the lines of force to be 
parallel to each other in the air-gap. The permeance of the path 
which replaces the two fringes is equal to fiAt/a . From what has 
been said above follows that the ratio At/a depends only upon the 
ratio of s/a; the relationship between the two ratios is plotted in 
Fig. 26, from Cartels calculations. For the sake of convenience 
and accuracy, the curve is drawn to two different scales, one for 
large the other for small values of $/a . 

The curve in Fig. 26 may be interpreted in two ways: It may 
be said to represent the “geometric permeance” of the fringe (for 
ja— 1); or else it may be said to give the correspondings sets of 
values of $ and At, measured in the lengths of the air-gap as the 
unit. With a given a, At increases with s, because the maximum 
width of the actual fringe is is. With a given s the width At 
increases toward the pole-tip (if the air-gap is variable), because 
with a longer air-gap the fringing lines of flux fill a larger part of 
the air-gap under the slot. 

The corrected width of the tooth is £'=£+At and the permeance 
of the air-gap, in perms per tooth pitch, is 

(P at ^1.25(At/a x +t/a x )l ef f, .... (48) 

*Note on Air-gap Induction, Joum. Inst. Electr. Eng. (British), Vol. 20, 
(1899-1900), p. 929; Air-gap Induction, Electrical World, Vol. 38, (1901) 
p. 884; See also Hawkins and Wallis, The Dynamo (1909), Vol. 1, p. 446; 
E. Arnold, Die Gleichstrommaschine (1906), Vol. 1, p. 266. 

2 J. C. Maxwell, Electricity and Magnetism, Vol. 1, p. 284; J. J. Thomson, 
Recent Researches in Electricity and Magnetism, Chapter III; Horace Lamb, 
Hydrodynamics (1895), Chapter IV. 
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where a x is the length of the air-gap at the center of the tooth, and 
l e ff is the effective axial length of the machine (see below). The 
value of At/a x must be taken from Fig. 26 for the corresponding 
ratio s/a x . 

The permeance of the pole fringe, hmn in Fig. 24, cannot be cal¬ 
culated by the foregoing method, because this permeance depends 
upon the irregular shape of the pole-tip. The pole-fringe permeance 
is usually estimated graphically by drawing lines of force, taking 
Fig. 24 as a guide 1 ; the permeance of each tube of ffux between the 
pole and the armature is p.A/1, where A is the mean cross-section, 
and l is the mean length of the tube. The fringe perjneanee is of 
the order of magnitude of 10 per cent of the total permeance of 
the air-gap, so that some error in its estimation does not seriously 
affect the total required ampere-turns. Careful designers some¬ 
times calculate the air-gap permeance for two positions of the 
pole, differing from each other by one-half of the tooth pitch, and 
take the average of the two results. 

Carter's curve could be used directly for calculating the pole- 
fringe permeance, if the pole waist were of the same width as 
the pole shoe (line mm' in Fig. 24), and if the armature had no 
slots. In this case the space between the adjacent poles could be 
considered as a big slot, and the curve in Fig. 26 could be directly 
applied to it. On account of a smaller width of the pole core and 
because of the armature slots the mean length of the lines of force 
in the fringe is increased, so that the actual permeance of the pole- 
fringe is somewhat smaller than that according to Carter's curve. 
By practice and experience one can acquire a judgment as to what 
fraction of Carter's permeance to take in r, given case. 

The length l e ff is a sum of the parts such as l Xl 1% etc. (Fig. 24), 
on which the lines of force are parallel, and of small additional 
lengths which take account of the fringing in the air-ducts and at 
the pole flanks. These additional lengths are again estimated 
from Carter's curve (Fig. 26). The fringe Ad in an air-duct of 
the width d is practically the same as that in a slot of the width 
s = d. The additional length Af for the pole flanks is found by con¬ 
sidering the two fringes as due to a slot of the width /. When the 
stationary and the revolving parts are of the same axial length so 
that /= 0, there still remains some fringe permeance between the 

1 See Art. 41 below in regard to the drawing of the lines of force by the 
judgment of the eye. 
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Fig. 26.—Equivalent width of tooth fringe (Carter). 
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Hank surfaces of the two iron structures. This permeance is, how¬ 
ever, very small, and has to ho estimated empirically, if at ail. 

Strictly speaking, /<// is different for each tooth, if the air-gap 
is variable, because the amount of fringing in the air-duets and at 
the Hanks is different. However, it is hardly worth the effort 
in ordinary cases to calculate /*•// for each toot h. It is sufficient to 
take an average /,.// for some* intermediate value of the air-gap. 

In some high-speed alternators, and usually in induction 
motors, air-ducts are provided in both the stationary and the 
revolving parts, in the same planes. The flu\ fringe in an air-duet 
is then of sueh a shape that the lines of force are parallel to one 
another in the middle of the air-gap, between the stator and the 
rotor. Therefore, when using the curve in Fig. 26 for sueh a cast*, 
the cylindrical surface* midway between the stator and the rotor 
must be taken to correspond to that of the solid iron surface 
assumed in the deduction of the curve*. Hence, J</, r must be* used 
instead e>f a x in determining J/. 

Having calculated the permeances of the several paths per pole 
pitch the total permeuime of the air-gap is found as their sum, or 


Then, the required number of ampere-turns is determined from 
eq. (44). The method gives quite correct results, especially with 
some experience in estimating the permeances of irregular paths. 
Each designer usually modifies slightly the empirical factors which 
are indispensable in this method, and devises short ruts good for 
the particular kind of machine in which he is interested. 

Instead of calculating the permeance of each tooth separately, 
settle engineers replace the actual variable air-gap by tin equiva¬ 
lent constant air-gap either by the judgment of the eye, or as 
in prob. IS above. The actual peripheral length of the pole are is 
increased by from one to one and otte-htdf on each side to take* 
into account the fringing at the pole-tips. Thin gives the number 
of teeth under the pole. The permeance of each tooth m calcu¬ 
lated from eq. (4K) for and is then multiplied by the num¬ 

ber of teeth. With some practice, one can obtain in this manner 
quite accurate results at a considerable saving in time. 

The method outlined above is not directly applicable to induc¬ 
tion machines which have slotted cores on both sides of the air- 
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gap (Fig* -•*) • At- <*aeh instant Home' Hint,or teeth are opposite rotor 
letdh, others bridge over some rotor slots, and vice verm. The 
amount of overlap varies from instant to instant, causing periodic 
fluctuations in tho air-gap reluctance. 

Assume first that both the stator and the rotor have smooth 
surfaces facing the air-gap. Let the permeance of such a machine 
bo <t\. If now the armature bo slotted, the cross-section of 
the paths in the air-gap (neglecting the fringe) is reduced in the 
ratio b/Jj where b and are the stator tooth width and tooth 
pitch respect ively. The permeance is also reduced in the same 
ratio. U*t the rotor bo also provided with slots; the average 
cross-section of the path is thereby further reduced in the ratio 
(/ 2 /^)t where t-> and X >2 are the tooth width and the tooth pitch on 
the surface of the* rotor. Thus, disregarding the spread of the* 
flux, the average air-gap permeance of an induction motor is 

the symbol (P tt being put in parentheses to indicate that a further 
correction for the tooth fringe* is necessary. 1 

In order to take* the* fringe* into consideration, an empirical cor¬ 
rection is made* in this formula. Namely, if is assumed that the 
actual permetume of the* fringe's of the* stator teeth is the same as 
if the* rotor had a smooth core*, ami vice versa. Accordingly, in the 
premling formula, the* values b *tod uf the tooth widths are 
eorroeted for the fringe*, using Carter's curve (Fig. 20). The 
formula hecome*« then 

(t«V XiHh'/X*)<P' t .(oO) 

when* t\ f and 0/ are the* correctt*d wielths of the* stator and rotor 
teeth re*Hpe*etive*ly. This formula has been found to he in a satis¬ 
factory ngreement with experimental results. 2 

1 Pop a more* rigorous proof of this formula see (J. A. Adams, *‘A Study 
in the* Design of Induction Motors,” Tram . Amer. Inst. Ekctr. Engs., Vol. 24 

p. aar». 

•T. P. Walk The* Reluctance of the Air-gap in Dynamo-machines, Journ. 
Inst. Ekctr, Engrs, (British), Vol, 40 (1907-8), p. 568, P. Arnold in his 
\Ytt'hmintfmnUrhn ik, Vol. 5, Part 1, pp. 42, 48, calculates the value of k a 
for an ineluetion machine* in a somewhat different way. With open slots 
in the stator, ArnoIePts method gives lower values of k a them they am in reality. 
Bees Ifooek ami lfollmumi, Iteitmg »ur Bemchmmg des Magnetizierungs- 
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.Referring to Art. 31 >, eq. (50) may 1 >e inirrpivtrd as follows: 
Let k a ' be the air-gap fartor for the slot ted stator anti a smooth- 
body rotor; let k a " be 11 u* same factor for the slotted rotor and a 
smooth-body stator. Then the air-gup factor of the actual 
machine 

ka ka v ka* .. . . (51) 

In an induction motor the magnetic Hux is distributed in the 
air-gap approximately according to the sine law, due to the dis¬ 
tributed polyphase windings. Therefore the value of M deter¬ 
mined from eq. (44) gives only the average value of t he m.m.f. 
required for the air-gap. With a sine-wave <listribution of the 
flux the maximum m.m.f. is tt/ 2 times larger than the average 
value. 

Prob. 20. What is the permeance (if the air gap of a lb pole direct 
current machine, the armature of which has a diameter of 250 rm. and 
is provided with 324 slots, 12 by la mm.? The gross length of the armature 
is 23 cm., and it is provided with thus* ventilating duets, jo mm. wide 
each. The axial length of the poles is 21 .a eui. The pole shoos rover 
(>5 per cent of the periphery, and are not chamfered. The length of the 
air-gap is 10 mm. Ann. About IHH) perm, 

Prob. 21. The machine mentioned in problem 14 has 120 slots, 3 by 
0.5 cm. The pole-shoes are shapes! neeording to tin* arc of a eirele of a 
radius equal to 90 cm. and subtending 30 degrees on that circle; tin* fmle- 
tips are formed by quadrants of a radius equal to 2,5 uu, (Trek the 
value of the field current (45 amp.) given in problem 15, by the method 
of equivalent permeances. 

Prob. 22. What is the maximum m.m.f. arrow the air-gap of an 
induction motor, if the grow average flux density in the air gap {total 
flux divided by the gross area of the air-gap, not including tin* vents} 
is 3 kl./sq.cm,, and the clearance is 1.2 mm,** The bore is 04 mu; tin* 
stator is provided with 4K open slots, 22 by 43 turn. The rotor has 111 
half-closed slots, the slot opening being 3 mm. The machine has a vent 
7 mm. wide for every 1) cm, of the laminations. 

Aim. 820 amp. turns, 

Prob. 23. Show that Jt/a* 1.2 12,93 log (*/2«h if the fringing 
lines of foree are assumes! to be concentric qittidriiftts (Fig. 27, to fin* left) 
with the points c as the center; the average length of path In flu* part 
bcc f is estimated to be equal to l .2a, and the average width 0.72 n. Hint; 
The permeance of an infinitesimal tula* of foree of a radius / and of a 
width dx is /t* dr/(§«?). Integrate this expression ladwmi the limits 

stromes in Tnduktionamotoren, EbkMfrhnik and Mmrhimmimu, Vol. 2H 
(1910), p. 743, 
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of a and See Adams, lor. n/., p. dd2. The formula, cam ho used only 
whon s is hirin' than 2a. 

Prob. 24. Show that, Jt hi 2.02 log (1 f J.t.v/W), if the fringing lines 
of force are assume* 1 to consist ot concentric quadrants (Fig. 27, to 



the right), with the point v f as a center, continued as straight lines. 
See Arnold, Dir (Hrirhxtromwachint\ Vol. 1, p. 200. 

Prob. 25. Show that formula (50) applies to synchronous and direct- 
current machines with salient poles as well, if // is the width of the 
pole shoe, eorreeted for the fringe, and A a is the polo pitch. 




CHAPTER Vf 


EXCITING AMPERE-TURNS IN ELECTRICAL 
MACHINERY (C \mtinued 1 

38. The Ampere-turns Required for Saturated Teeth. Tin* teeth 
and the slots of an armature, under the poles, are magnetieully in 
parallel (Fig. 24); hence, part of tin* flux passes from tin* pole into 
the armature core through the slots between the teeth. Hut, with 
a moderate saturation in the teeth, say below is kitolines per 
square centimeter, the amount of the flux which pusses through the 
slots is altogether negligible. If the taper of the teeth is slight, 
the required ampere-turns are found for the average flux density 
in the tooth, taking the value' of ll from t he curves in Fig. 3. 

Should the taper of the teeth be considerable, as is the (‘use* in 
revolving armatures of small diameter, the* flux density should be* 
determined in say three places along the* tooth, viz., at the* root, 
in the middle part, and at the* crown. !a*t the* corresponding 
values of magnetic, intensity from the* magnetization curve of the 
material be H ih ll mi and Il u Assuming // to vary along the* tooth 
according to a parabolic, law, we* have, according to Simpson's 
rule in the first approximation, that the* average intensity over the* 
tooth is 


iLr ..... ( 52 ) 

If a greater accuracy is desired, the* values of If can be* de*termim*d 
for more than three* cross-sections of the tooth and Simpson's 
rule applied. 1 For instance*, let the length be* divided into n equal 

1 A designer who has to calculate* amjie re-turns for teeth frequently 
will save time by plotting curves for the average U against the flux density 
B {) at the root of the teeth. Each curve won hi Iw for one taper, anti these 
curves would cover the usual range of taper in the teeth. See A. Miller Gray 
*’ Magnetomotive Force in Non-uniform Magnetic Paths/’ Etertriml World, 
Vol. 57 (1911), p. 111. 
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parts, where n is an e*v<m numlior. Then, \\c have that 

11'tv< ( 4(// ! + //;*+. . 

i I I . * .-I-//^-o)]. . (53) 


\\ 1 ion the* (lux density in tlu* fe*e»fh is <‘<>nsiderable, say between 
IS and 24 kilomnx we*lls per square centimeter, an appreciable part 
of the* total 11 ux passes through flu* slots bedweum the teeth, also 
through the* air-duets, ami in the* insulation befwexm the lamina¬ 
tions. Dividing, therefore*, the* (lux per tooth pitch by the jrmt 
cross-section of the* tooth, one* got a only the so-called apparent jinx 
density in tin* tooth, which density is higher than the true density. 
With highly nut united teeth, a small difference in the estimated 
llux density make's an appreciable* difference in the required number 
of ampere-turns; it is therefore of importance to know how to 
determine* the* true* density in a tenth, knowing the apparent 
density, 

(kmsieler first the* ease* of a machine with a large diameter, in 
which the* taper* of the* tenth e*an be* nt*g!(*efe*el. Assume the con¬ 
centric cylindrical surface's at the* tips and at the roots e>f the teeth 
to be oquipotent ial surface's, and flu* line's of fence to be all parallel 
to e*aeh <»iher*, in the* slots as we*Il as in flu* iron. In lvalifv, some 
line's of fence* enter* the* tenth on the* sidt*s of the' slots (big. 24), so 
that, the* foregoing assumptions are* not <|uif<' emmet; but they are 
the simplest one's that can bo made. Any other’ assumptions 
would le*ad to eale’uiatiemH too complicated for practical use. 

let be* the* true* (lux density in the iron of the tenth, and 
lei H ttvv be* the* apparent llux density in the* tenth under the assump¬ 
tion that- no llux passe*s through the slots, air-duets, or insulation 
lmtweem the laminations. Them, demoting the* actual llux density 
in the* air by H tv we* have* the* following expression for the total 
flux per tooth pitch: 


AJL 




* l I iiftut l 


AJta 


where* *4* and A tt are the cross-sections in square centimeters of the 
paths per tooth pitch, in the* iron and air lcspe'elively. Since the 
iron and the* air paths are of equal length, and are in parallel, the 
muni, gradient is the same* in lad In Uvt II be this gradient, in 
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kiloampere-tums per rent iint-t<*r. Thou, if nil the tiu\ densities 
are in kilomaxwells per square centimeter, 

H a 1.25//. 

Substituting this value of H a into the preceding equation we 
obtain, after division by A tt 

K PP H fral H.25(.t/J»i//.(51) 

The ratio A a / A ,■ can be expressed through Ihe dimen,sinus of 
the machine as follows: ,1 ( il n where i is the width of the tooth, 
and l n is the net axial length of the lumimifions, without the air- 
ducts and insulation. A (i Xl u - //,», where / is tin* tooth pitch 
(Fig. 20), and l g is the gross length of the armature eon*. Hence, 

AJAr'WMpln) H. . . . . . (55) 

In eq. (54) the flux density B npp and the ratio .l (l ’.I, are known 
in any particular ease, and the problem is to find B rnll and //. 
The other equation which connects B tritl and II is the magnetiza¬ 
tion curve of the material, and tlu* problem can be solved in a simi¬ 
lar maimer to problem 11 in chapter 11 (see also problem 4 below). 
Professional designers use curves like those shown in Fig, 2S, 
which give directly tlu* relation between B iipp and within tlu* 
range of values of AJ A i which occur in practice. The curves are 
plotted point by point by assuming certain values of H rnti and rub 
culating the corresponding B ttpp from eq. (54b For instance, for 
24, the saturation curve shown in Fig, 2N gives // l.Ti, so 
that for AafAi** 2, we have: B ttpv -■>24 I 1,25x2 v 27.33. 
This determines one point on the curve marked 41 Patio of air to 
iron - 2.” In using these curves one begins with the known value 
of B app on the lower axis of abscissa*, and follows tin* ordinate to 
the intersection with the curve for the desired ratio A, t this 
gives the value of B rml . By following the horizontal line from the 
point so located to the intersection with the //-// curve, the corre¬ 
sponding value of II is read off on the upjver axis of abscissa*. 

The curves in Fig. 2K are completely determined by the shape 
of the B~H curve, so that, if the material to be used for the arma¬ 
ture core differs considerably from that assumed in Fig. 2K, new 
curves of B rml versus B app ought to be plotted, or else the method 
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Apparent Flux Density 

Fig. 28.—The Relation between the real and the apparent flux density in armature teeth. 
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may bo used which is suggested in problem 4 below. A comparison 
of the B~H curve with those in Fig;. 3 shows that a much better 
quality of steel is presupposed in Fig. 28. Such is usually the ease 
when it is desired to employ highly saturated teeth, for otherwise 
it might be practically impossible to get the required (lux. The 
curves in Fig. 3 refer to an average quality of electrical steel. 

Formula (f>4) and the curves in Fig. 2K presuppose that the 
teeth have no taper, or that the taper is negligible. If tin* taper of 
the teeth is quite considerable the tooth and the slot are divided 
by equipotential cylindrical surfaces into two or more parts, and 
H is determined for each part. The effective value of // is calcu¬ 
lated according to Bimpson’s rule, using formula (52) or (53). 

Prob. 1. A four-pole direri-eurrent armature has the following 
dimensions: diameter 45 cm.; gross length of core 20 cm.; two air-ducts 
7 mm, each; 07 open slots I by 3 cm. The poles are of such a shape 
that the flux per pole is carried uniformly by 11.5 teeth. How many 
ampere-turns per pole are required for the teeth when the flux per pole 
is 3 megalines? Use the saturation curve for carbon-steel laminations 
in Fig. 3, and neglect the effect of slight saturation at the roots of the 
teeth. Ann. 148 amp.-turna. 

Prob. 2. How many ampere-turns are requiml in the preceding 
problem when the flux per pole is 4.4 meguliues? 

Ann. Between 27,14) and 2S4K). 

Prob. 3. The machine, In problem 22 of the preceding ehapter, had 
a gross average flux density hi the air-gap of 3 kt./aq. rm. The bore 
was 04 cm. The stator was provides! with 48 slots 22 by 43 mm. The 
machine has a vent 7 mm. wide for every 0 cm. of the laminations. 
What is the maximum m.m.f. required for the stator and rotor teeth, if 
the si ze of each of the 91 rotor slots is 14 by 30 mm. below the overhang? 
Take an overhang of 2,8 mm. Am* About 220 amp.-turns. 

Prob. 4. Instead of drawing the curves shown in Fig. 28, the relation 
between B m *l and B Uftp can be found by the following const ruetion : 
Disregard the lower scale marked “ Apparent Flux Density extend 
the left-hand scale to the division 34 and mark the scale " Heal and Appar- 
cut flux density/" Cut out a strip of paper, anti copy the left-hand scale* 
on the left-hand edge of the strip. On the right-hand edge of the strip 
mark the scale for Au/A{ m follows: division 29 of the flux density to 
correspond with aero, division 27 with 0.4, division 28 with 0.8, etc. 
Apply the left-hand edge of the strip to division 2.0 on the upper horizon¬ 
tal scale, and to division 26 on the lower horizontal scale. Move the 
strip up and down until the upjwr horizontal acide coincides with the 
desired value of Aa/A t marked on the strip. Lay a straightedge on the 
divisions of the two vertical scales corresponding to the given apparent 
flux density. The Intersection of the straightedge with the B-tl curve 
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will give the required values of R r< .«z and //. Cheek this construction 
for a few points with the values obtained from the curves, and give a 
general proof. Hint: This construction amounts to considering the 
B-H curve and E<p (54) as two simultaneous equations with two unknown 
quantities Bawl and II. See problem 11 in chapter If, Art. 13. 

39. The Ampere-turns for the Armature Core and for the 
Field Frame. In many machines the nun.f. required for the air- 
gap and the teeth are large as compared to those required for the 
armature core and the field frame; in such cases the latter are 
either altogether neglected, or are estimated roughly, by increas¬ 
ing the ampere-turns calculated for the rest of the magnetic cir¬ 
cuit by say five or ten per cent. Where this is not permissible, the 
usual procedure is to estimate the maximum flux density in the 
core or frame under consideration and to measure from the drawing 
of the machine the length of the average path of the lines of force 
in it. The assumption is made that the same flux density is main¬ 
tained on the whole length of the path, and the required ampere- 
turns are calculated from the magnetization curve of the material 
(Figs. 2 and 3). While the ampere-turns determined in this way 
are usually larger than those actually required, the method is per¬ 
missible if the total amount of the nun.f. for the parts under con¬ 
sideration is small as compared to the total nun.f. of the magnetic 
circuit. If a greater accuracy is desired, the path is subdivided 
into two or more parts in series, and the average density deter¬ 
mined for each part; and then the ampere-turns required for each 
part are added. 

The tendency now is to increase the flux density in the arma¬ 
ture cores of alternators and induction motors so as to reduce the 
size of the machine. This is made possible through a better quality 
of laminations, which show a smaller core loss, and also through the 
use of a more intensive ventilation. With these high densities 
and with the comparative large values of the pole pitch necessary in 
high-speed machinery, the ampere-turns for the core constitute an 
appreciable amount of the total nun.f. of the machine, and it is 
therefore desirable to calculate them more accurately. 

The flux density in the core is a minimum opposite the center 
of a pole, and is a maximum in the radial plane midway between 
two poles (Fig, 15). At each point the flux density has a tangen¬ 
tial and a radial component. The latter is comparatively small 
and can be neglected; the tangential component can be assumed 
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to vary according to the sine law, being zero opposite the center of 
the pole and reaching its maximum between the poles. With 
those assumptions, knowing the maximum flux density in the core, 
the flux density at all other points is calculated, and the corre¬ 
sponding values of II are determined from the B-II curve of the 
material. The average value of II for one-half pole pitch is then 
found by Simpson’s rule, eqs. (52) and (53). With the sine-wave 
assumption, the average II depends only upon the maximum 
flux density, so that for a given material a curve can be compiled 
from the B-II curve, giving directly //«„* for different values of 
B 1 

Should a still greater accuracy be required, the following 
method can be used: Draw the assumed or the calculated curve 
of the distribution of flux density in the air-gap, and indicate to 
your best judgment the tubes of force in the armature core, say 
for each tooth pitch. The flux in the radial plane midway between 
the two poles can be assumed to be distributed uniformly over the 
cross-section, and this fact facilitates greatly the determination of 
the shape of the tubes of flux. The m.m.f. required for each tube 
is calculated by dividing it into smaller tubes in series and in paral¬ 
lel; thus, either the average m.m.f. for the whole flux can be found, 
or the maximum m.m.f. for one particular tube. 1 2 

The frame to which the poles are fastened in direct-current and 
in synchronous machines is usually made of cast iron; in some 
cases the frame is made of cast steel; in high-speed synchronous 
machines the revolving field is made of forged steel. The magneto¬ 
motive force required for such a frame is found in the usual way 
from the magnetization curve of the material, knowing the area 
and the average length of the path between two poles; the length 
is estimated from the drawing of the machine. In figuring out the 
flux density in a field frame one must not forget that (1) only one- 
half of the flux per pole passes through a given cross-section of the 
frame (Fig. 20); (2) the total flux in the frame and in the poles is 
larger than that in the armature by the amount of the leakage flux 
between the poles. This leakage is usually estimated in per cent 

1 This method is due to E. Arnold. See his Wech$d»iromtmhnik f Vol. 5, 
(1909), part 1, p. 48. 

2 For details of this method see Hooek and Hellmund, Beitrag mr Bereoh- 
nung dos MagnclizicsrungHstromcs in Induktionsmotoren, Ekktroimfmih und 
Maschinenbau, Vol. 28 (1910), p. 743. 
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of the useful flux, from one’s experience with previously built 
machines, or if ran bo calculated by tho methods explained in the 
next article. Thus, a, leakage factor of 1.20 means that the flux in 
the field poles is ‘20 percent, higher than that in the armature, the 
leakage {lux constituting20 pm’cent of the useful flux. The usual 
values of the leakage factor vary between 1.10 and 1.25, depending 
upon the proximity of tlu* adjacent poles, the degree of saturation 
of the circuit, and the proport ions of the machine. 

The ampere-turns repaired for the pole-pieces are calculated in 
a similar way, assuming the whole leakage to take place between 
the pole-tips, so that the flux density in the pole-waist corresponds 
to the total llux f including the leakage flux. In exceptional cases 
of highly saturated pole-cores this method may be inadmissible, on 
account of too largo a margin which it would give as compared to 
the* ampere-turns actually required. In such cases part of the 
leakage may be assumed to be concentrated between .some two 
corresponding points on the waists of two adjacent poles, or it may 
be assumed to be actually distributed between the two pole-waists. 
See prolrn. 9 and 10 in chapter II. 

In some machines the joint Indween the pole and the frame 
offers a perceptible reluctance, like the joints in the transformer 
cores discussed in Art. 22, Home designers allow a certain 
fraction of a millimeter of air-gap to account fortius reluctance, 
and add the number of ampere-turns required to maintain the 
flux in this air-gap to those for the pole-piece. The length of 
this equivalent air-gap is found by checking back no-load 
saturation curves obtained from experiment. As a usual rule, 
it is advisable to increase the total calculated ampere-turns of the 
magnetic eireuit by about 5 to 10 per cent. This increase covers 
ueh minor points as the reluctance of the joints, omitted in 
calculations, as well as certain inaccurate assumptions; it also 
covers a possible discrepancy between the assumed and the 
actual permeability of the iron. With a liberally proportioned 
field winding and a proper regulating rheostat a designer can 
rest assured that the required voltage will be obtained, though 
possibly at a somewhat different value of the field current than 
the estimated one. 

Prob, 5. The stator core of a slxqxde Induction motor has the 
following dimensions; Imre 112 cm.; outside diameter 145 cm.; gross 
length 55 cm,; the slots are 2 cm bv 4,5 cm.; the machine Is provided with 
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8 ventilating duets 9 mm. wide each. Wirnt is the maximum 
required for the stator core per pole if the flux per pole is (US 

Ann, 1ST using Arnold s me 

Prob. 6. Draw a curve l vet ween the average // and maxi) 
in the core, assuming a sinusoidal distribution of the dux density 
tangential direction, for the carbon steel laminations in I-ig, d 

A ns. Ub.H tor 

Prob. 7. 'Flu' cross-sect ion of the east iron field \ ot«* o{ a 
current machine is (550 sq.cm,; the mean length of path in it I 
two consecutive poles is No cm. Tin* length of the lines of force 
pole-waist is 21 cm.; its cross-section *120 sq.cm. The poles nr 
of steel laminations 4 nun. thick, so that the space lost betw 
laminations is negligible. The reluctance of the joint between j 
pole and the yoke is estimated to be equivalent to (I.I mm. of air, 
is the required number of ampere turns for the pole piece ami tli 
per pole , when the useful flux id the machine is h meguiines p< 
The leakage factor is estimated to be equal to 1/20. 

Aim. Alxmi 

40. Magnetic Leakage between Field Poles. It m of 
tanee in modem highly saturated machines to know umirut 
leakage flux between the poles, in order to estimate eorree 
ampere-turns required for tin 4 field poles ami tin* frame 
machine. Moreover, the design of flu* poles ran be Im| 
knowing exactly where the* principal leakage occurs and 
depends upon the* proportions of the* machine. The* value 
leakage factor also affects the* voltage* regulation of the mi 
because^ at full load the nun.f. bet ween the poled ips has 
larger than at no-load, on account of the armature reaction, 

Eornenv machine's of usual proportions the* value* of the* h 
fac.tor e*an be estimated from tests made* upon similar mm 
But in new machine's of unusual proportions the designer 
re*ly upon his judgment, assisted if necessary by crude rot 
five (‘(imputations of the* pe*nne*nnce between adjacent pole 
this and in the* next article* some examples of such coinpnf 
are give*n, not so much in order to give* a definite method to 
lowe*d in all cuh<*h, as to show the* student a possible procedu 
to train his judgment in estimating the pmieanee of an irr 
path. 

Four principal paths of leakage cun Im distinguished hr 
two adjacent pedes (Fig. 29): (a) lad ween the sides of fb 
shoes which face each other; (h) lad ween the sides of the 
cores (waists) parallel to the shaft of the machine; (e) tatwe 
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Hunks or Hides of t.h<* pole hIioch perpendicular to the shaft; (d) 
between the Hunks of the pole cores. In the calculations which 
follow, t ho permeances are computed between a pole and the planes 
of symmetry, MN , between the two poles, the. permeance of the 
other half of each path being; the same. All these leakage paths 
arc in parallel with respect to the pole, so that the total leakage 


N 



Flo. 21).—'flic leakage flux between field poles. 

permeance is equal to their sum. Knowing this total permeance 
and the uun.f. between the pole and the plane MN the leakage 
flux is found, and knowing this flux and the useful flux per polo 
the leakage factor is easily cnleulaUxl. 

We shall now estimate the permeances of each of the four above 
mentioned paths of leakage. 

(a) Between the adjacent pole-tips. Estimate the average 
cross-section A of the path, in square centimeters, and the aver- 
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age length l between the pole-tip and the plane ,1/A\ bring guided 
by Fig. 29. (Do not encroach upon tiie fringe to tlie armuf ure.) 
Then the permeance of the path is, in perms, 

(P //d/7.. (50) 

If a greater accuracy is desired, subdivide the total path into 
smaller paths in series and in parallel, and ealeulnte the permeance 
or the reluctance of each separately. Then the total permeance is 
found according to the well-known law of combination of relur- 
tances and permeances in series and in parallel (Art, 10. When 
mapping out the lines of force in the air, begin them nearly at right 
angles to the surface of the. pole (see Art. *11 <t below) and draw 
them so as to make the total permeance of the path a maximum, 
that is, reducing as far as possible* the length and increasing the* 
cross-section of each elementary tube* of flux. The medium may 
be said to bo in a state of tension along the* lines of force, and of 
compression at right angles to their direction, by virtue of the 
energy stored in the field. Hence, there is a tendency for the tubes 
of force to contract along their length and expand across their 
width. 

(h) Between the opposite polv-t'orvs. In this part of the leakage 
field each elementary concentric path is subjected to a different 
m.m.f., that between the roots of tin* poles being practically zero, 
while the m.m.f. In‘tween the points /> and // is equal to that 
between the pole-tips. In most cases it is permissible to consider 
the whole leakage (lux as if passing through tin* whole length of the 
polo core, and then crossing to the adjacent poles at the pole-tips. 
Therefore, it is convenient to add the permeance between the pole 
cores to that between the pole-tips. But the average m.m.f. 
between the waists is only about, one-half of that between the* tips, 
so that the equivalent permeance between tin* pole cores, reduced 
to the total m.m.f., is equal to one-half of the* actual permeance. 
•If the actual permeance, calculated according to formula (5U) mtp t 
the effective permeance is J0*. The average length and cross- 
section of the path are easily estimated from the drawing of the 
machine. 

(c) Between thejlanks of the pole shorn* The path extends indefi¬ 
nitely outside the machine, and the lines of force are twisted 
curves, so that it is difficult to estimate the permeance graphically* 
As a rough estimate, this permeance ciut be minced to that of the 
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path in the air between two rectangular poles of an electromagnet 
(Fig. HO). Assume the paths of the (lux to consist of concentric 
quadrants with the centers at a and <■', joined by parallel straight 
lines, and let the width of the poles in the direction perpendicular 
to the plane of t he paper be h. Thou the permeance of an infin¬ 
itesimal layer of thickness dx, between one of the poles and the 
plane fl/A' of symmetry, is 

dcP - n<lx.h/(%7tx-\ l). 

Integrating this expression between the limits o and b we find 

(P ■ l.K4/t log (1.576/7+ 1) perms . . . . (57) 

(compare with prnb. 24 in Chapter V, Art. 37). 

In applying this formula and Fig. 30 to the case of the flank 
leakage tmtween the pole shoes, h is the average radial height of 
the pole shoe, b is equal to one- 
half the width of t he polo shoe, 
and 21 is the distance lietween 
the two opposing pole-tips. 

While the method evidently 
gives only a crude approxi¬ 
mation to the actual perme¬ 
ance, formula (57) at least 
fixes a lower limit to the per¬ 
meance in question, 

(//) JiHwevn the flanks of 
the [mbs eorm. The conditions 
am similar to t hose under (o), 
so that the permeance is esti¬ 
mated again on the basis of 
formula (57). The sides of the 
two rectangles in Fig. 29 are 
not parallel to eaeh other as in 
k ig. 30, but this difference is |P t0i so,—The magnetic path between 

J. .. 1 - _ *. X ... .. ... X I . *.«.» .11 . . Or • . * .. « ■ i 
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the opposite aide, so that one may he satisfied with a lesser degree 
of accuracy. The equivalent permeance, reduced to that between 
the pole-tips, is again equal to one-luilf the actual permeance, for 
the same reason as under (6) above. 

The total leakage permeance between a pole and the two planes 
of symmetry is equal to the sum of the permeances calculated us 
above. In summing them up it will he seen from Fig. 2 U that the 
permeances (a) and (b) must be* taken twice, and also that (c) and 
(d) must be taken four times. The leakage ttu\ per pole is 
obtained by multiplying the total leakage permeance by the numb 
between the pole-tip and the plane of symmef n . 'Hus m.m.f. is 
equal to that required to establish tin* useful llu\, uhmg tla* path 
qrs, through the air-gap and the armature of the machine, and 
consequently it is known before tin* pole-piece and the field wind¬ 
ing are computed in detail. Knowing the leakage flux and the 
useful flux, the leakage factor is figured out aceording to the defi¬ 
nition given above. 

When calculating permeances as indicated above, one m advised 
to make liberal estimates of the same, for two reasons: hi the first 
place, the true permeance of a path is always the largest possible, so 
that, whatever assumptions one makes, the enlculated permeance 
comes out smaller than the actual. In the second place, in design¬ 
ing a new machine it is better to be on the safe side and rather 
underestimate than overestimate the excellence of the perform¬ 
ance. Some writers give more elaborate mips and formula* for the 
calculation of the leakage permeance which art' useful in the 
design of machines of special importance.* 

The leakage factor remains practically constant ns long as the 
flux density in the armature core and teeth in moderate, so that 
the reluctance of the useful path qm is nearly constant. This is 
because the reluctance of the leakage paths is constant, and, if the 
reluctance of the useful path is also constant, the useful Ilux ami 
the leakage flux increase in the same proportion when the m.m.f, 
between the pole-tips is increased. When the armature iron is 
approaching saturation, the leakage factor increases with the field 

1 For a more detailed treatment of the leakage fietweeu poles m*e the 
following works: E. Arnold, Dm GMchdmmmonthhit, V«t I ciiMMf, pp. 
284-294; Hawkins and Wallis, The Dymma, Vol, 1 (man, pp, itm IHI; 
Picholm&yer, Dymrmbau (190N), pp, 127 Kil; Cramp, (\mi%mmmA'urrmti 

Machine Design (1910), pp, 42-47 mil 2211*230, 
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current, because the leakage flux increases the more rapidly than 
the useful (lux. This increase is partly offset by the fact that the 
pole-tips also become gradually saturated by the leakage flux, so 
I hut t he leakage fact or does not increase as rapidly as it would 
otherwise*. The practical point lobe observed is, that for the 
higher llux densities, if accuracy is desired, the leakage should 
be estimated separately for a few points on the no-load saturation 
curve. 

For a given terminal voltage, the leakage factor of a machine is 
somewhat higher at full-load than at no-load, because the reqxiircd 
nun.f. between the pole-fares is higher, due to the armature reac¬ 
tion and to the* voltage drop in the armature*. In comparatively 
rare eases, when the armature reaction assists the field nun.f., for 
instance, in t he ease of an alternator supplying a leading current, 
the* leakage factor decreases with the increasing load. The fol¬ 
lowing example illustrates the influence of the load upon the value 
of the* leakage* factor. 

U*t the useful flux per pole in an alternator, at the rated 
voltage and at no-load, be 5 megalines, and let (>000 amp.-turas 
per pole be required for the air-gap ami the armature core. Let 
tin* permeance of the leakage paths between a pole and the neutral 
planes be 120 perms, so that the leakage flux is 0.72 megaline, and 
the leakage factor is (5.00 f 0.72)/5.00 1.14. Let a useful flux 

of 5.5 megalineH be required at the same voltage and at full load, 
an increase of 10 per cent being necessary to compensate for the 
internal drop of voltage due to the armature impedance. If the 
teeth and the armature core were not saturated at all, an m.mi. 
of 0000 amp.-turns would be required. In nudity, the m.mi. is 
higher, say 7500 amp.-turns. I^t the armature reaction be equal 
to 1500 demagnetising ampere-turns per pole. To compensate 
for its action, 1500 additional ampere-turns are required on each 
field coil. Thus, the difference of magnetic potential between 
a polo-tip and the adjacent plane of symmetry MN (Fig. 29) 
is now 9000 amp.-turns, and the leakage flux is increased to 
l,08 megalines. Therefore, the leakage factor at full load is 
(5,50 + 1 .OK)/5,50 - 1.20. Similar reflations hold for the direct- 
current machines. 

In calculating the performance of a synchronous or a direct- 
current machine one has to use the relation between the field cur¬ 
rent and the voltage induced in the armature. Ordinarily, the 
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no-load saturation curve in used for this purpose, assuming (hat 
the leakage factor is the same at full load as at no load. However 
careful designers sometimes plot a separate curve, using a higher 
leakage factor, for use at full load. 

Prob. 8. Assume in the illustrative example given in the text the 
armature current to be leading, so that the voltage drop in the armature 
is negative and the armature reaction strengthens the field. Show that 
with the same value of the armature current the leakage factor in between 
1.09 and LI0. 

Prob. 9. Draw rough sketches of the magnetir circuits of two 
machines, one possessing such proportions, number and shape of poles 
as to give a particularly low leakage factor, the other markedly deficient 
in this respect. 

Prob. 10. Calculate the' leakage factor and the leakage permeance 
per pole of a six-pole turbo-alternator of the following dimensions: The 
bore is 1.2 m.; the axial length of the poles O.b tin; minimum air-gap 
1 cm.; radius of pole-shoe arc 45 cm.; total height of the pole 2t\ cm,; 
the height of the pole-waist 21 cm.; the* breadth across the j»ole«waist 
25 cm.; that across the pole-tips 30 cm. The reluctance of the useful 
path in the air-gap and in the armature is estimated to be about 0.57 
millirel per pole, at normal no-load flux. Ann. 1,114; about 200 perms. 

Prob. 11. The leakage factor of the machine specified in the pre¬ 
ceding problem was found from an experiment to lie 1.1.1, nt no-load, 
when the total flux per pole wits 20.15 megalines, What is tin* true 
leakage permeance if 10 kiloumjiero-tunm jH*r faile were required at that 
flux for the air-gap and the armature? Am. 214 jiermtt. 

Prob. 12. The machine specified In the two foregoing problems 
requires at full load 20 per rent more amjwre-fMntN for the air-gap and 
armature, on account of the Induced voltage lieing 12 per cent higher 
than at no-load. The armature' renetion amounts to 4000 demagnetising 
ampere-turns per pole. What is the leakage factor at full load* according 
to the calculated leakage permeance and according to that obtained 
from the test? Am, I.HI; Ufl, 

Prob. 13. A closed electric circuit consisting of n battery and of 
a bare conductor is immersed In a slightly conducting liquid* so that part 
of the current flows through the liquid. Indicate the common points 
and the difference tiotween this arrangement and a magnetic circuit 
with leakage. Using the eleetrleid analogy show* that armature reaction 
increases the leakage factor; also explain the fact that, in order to com¬ 
pensate for the action of A! demagnetising ampreduma on the armature, 
more than M additional ampere-turns am required on the poleqiieees. 

Prob. 14. In some books the permeance tad ween two poledaces 
(Pig. 30) is calculated by assuming the Hues of force to lsi concentric 
semicircles as shown by the dotted lines. Hhow that such a ftemteiiitce 
is smaller than that according to formula (57) and therefore should not 
bo used. Hint: Compare the lengths of two eorresjxmding lines of 
force. 
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Prob. 15. Let AH and ( I) (I 1 ig. 31) represent the cross-sections 
(d two opposite pole-fa res of an electromagnet, inclined at an angle 2 0 
to one another. Show that of the three assumptions with regard to the 
shape of the lines of force in the air between the poles (a) is luor^ eorreet 
than (b) and (b) is more' eorreet (ban (c ); in other words, the assumption 
(«) gives a higher permeanre than (b) or (<•). Hint: tan 0 > 0 > sin 0. 

Prob. 16. Show that the pe mennre according to Fig. 31u, between 
one of the faces and the plane MS of symmetry, is equal to 

(nh/0)Ln(Ow/l I 1), 

where h is i he width of the pole-laces perpendicular to the plane of the 
paper, and that, formula* (5fP and (57) are special cases of it. 

Prob, 17. The formula given in the preceding problem is deduced 
under the assumption that the same xn.m.f. is acting on all the lines of 



Pi«, 31. The magnetic paths Wtween the poles of an electromagnet (three 

iwHumptions). 

force. Let now Fig. 31a represent a eross-scctlon of two opposing pole 
cores in an electric machine, the in.mi, between A and C being zero, 
and uniformly increasing to a value M between the points B and D. 
Show that the equivalent permeance of the path, referred to the m.mi. 
M ii equal to (fth/0)[\ (l/thv)Ln((hp/N 1)1. 

Noth. If it Is desired to use regularly the foregoing formula in esti¬ 
mating the leakage factor, the values of the expression In the brackets 
f ) can lie plotted m it curve for the values of (l/Oxv) m abseissie. Similar 
formuhe can \m deduced and curves plotted for the permeance of the 
flank leakage between adjacent poles. The paths of the lines of force 
over the polett can Imi awumcal to lie eoneemtrie quadrants and between 
the \m\m to have a shape similar to that indicated in Fig. 31a. 

41 . The Permeance and Reluctance of Irregular Paths, In 
using the methods described above for the calculation of the 
ampere-turns for the air-gap, the teeth, and the cores, and in osti- 
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mating the leakage factor, the reader has seen the difficulties 
involved in the computation of the permeance of an irregular path. 

In the parts of a magnetic held not occupied by the exciting 
windings, the general principle applies thut the lines of force and 
the equipotontial surfaces assume sueh shapes and directions that 
the total permeance becomes a maximum, or the reluctance a 
minimum. When this condition is fulfilled, the energy of the 
magnetic field becomes a maximum, as is explained in Art, A7. 

When the field needs to he considered in two dimensions only, 
that is, in the case where we have long cylindrical surfaces the 
properties of conjugate functions can he* used for determining flu* 
equations of the lines of force and of the* equipotontial surfaces; 
sec the references in Art. 37 above*. However, the purely mathe¬ 
matical difficulties of the method are such ns to make the analytical 
calculation of permeances feasible in the simplest eases only. 

In most practical cases, especially in three-dimensional prob¬ 
lems, recourse must be had to tin* graphical method of trial and 
approximation, in order to obtain the maximum permeance. 
The field is mapped out into small cells by means of lines of force 
and equipotontial surfaces, drawing them to the best of one’s 
judgment; the total permeance is calculated b\ properly com¬ 
bining the permeances of the cells in series and in parallel. Then 
the assumed directions are somewhat modified, and the permeance* 
is calculated again, etc., until by successive trials the positions of 
the lines of force are found with which the permeance heroines a 
maximum. 

The work of trials is made more systematic In following a pro¬ 
cedure suggested by Lord Rayleigh. Imagine infinitely thin sheets 
of a material of infinite permeability to be interposed nf intervals 
into the field under consideration, in positions approximately 
coinciding with the eqnipoteniial surfaces. If these sheets exactly 
coincided with some actual equipotentiul surfaces, the total 
permeance of the paths would not be changed, there being no 
tendency for the flux to pass along the equipotential surfaces. In 
any other position of the infinitely conducting sheets, the total 
permeance of the field is increased, because through these sheets 
the flux densities become more uniformly distributed, Moreover, 
these sheets becfkne new equipotciitiiii surfaces of the system, 
because no m.m.f. is required to establish ti flux along n path of 
infinite permeance. Thus, by drawing in the given field a system 
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of surfaces approximately in the direct,ions of the true equipo- 
tenlial surfaces, and assuming these arbitrary surfaces to be the 
true equipotential surfaces, the true reluctance of the path is 
reduced. In other words, by calculating the reluctances of the 
lamina' between the “ incorrect "equipotential surfaces and adding 
these reluctances in series, one obtains a reluctance which is lower 
than the (me reluctance of the path. This gives a lower limit for 
the required reluctance (or an upper limit for the permeance) of 
the path. 

Imagine now the various tubes of force of the original field 
wrapped up in infinitely thin sheets of a material of zero permeabil¬ 
ity. This does not change the reluctance, of the paths, because 
there are no paths between the tubes. But if these wrappings are 
not exactly in the direction of the lines of force, the reluctance of 
the field is increased, because the densities become less uniform, 
the noil-permeable wrappings forcing the lines of force from their 
natural positions. Thus, by drawing in a given field a system of 
surfaces approximately in the directions of the lines of force, cal¬ 
culating the reluctances of the individual tubes, and adding them 
in parallel, a relurtnnre is obtained which is higher than the true 
reluctance of the path. This gives an upper limit for the reluc¬ 
tance (or a lower limit for the permeance) of the path under 
eonsulerut ion. 

Therefore, the practical procedure is as follows: Divide the 
field to the best of your judgment into cells, by equipotential 
surfaces and by tubes of force, and calculate the reluctance of the 
field in two ways: first, by adding the cells in parallel and the 
resultant laminie in want's; secondly, hy adding the cells in series 
and the resultant tubes in parallel. The first result is lower than 
tin* second. Readjust the position of the lines of force and of the 
equipotential surfaces until the two results are sufficiently close to 
one atm!Inn*; an average of the two last results gives the true 
reluctance of tin* field. 

One difficulty in actually following out the foregoing method 
is that the changes in the assumed directions of the field that will 
give the best result an' not always obvious. Dr. Th. Lehmann has 
introduced an improvement winch greatly facilitates the laying out 
of a field. 1 We shall explain this method in application to a two- 

* 14 Umphbchc MhIukIc xur BcHtiimmmg dc« KmftlimmvcrlaufcB in cler 
Luft M ; Zmtnvhrift ■, VoL 30 (1900), p. 905. 
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dimensional field, though theoretically if is applicable to three- 
dimensional problems also. According to D'hmnmi, lines of force 
and level surfaces are drawn at such distances that they enclose 
cells of equal reluctance. Consider a slice, or a cell, in n two- 
dimensional field, v centimeters thiek in the third dimension 
(where //t), and of such a form that the average length l of 
the cell in the direction of the lines of force is equal to its average 
width w in the perpendicular direction. 'Ha* reluctance of such a 
cell is always equal to one rel t no mat ter whether the cell itself Ls 
large or small. This follows from the fundamental formula for 
the reluctance, which in this case* becomes (H i//(i X to) i. 

The judgment of the eye helps to arrange cadis of a width equal 
to the length, in the proper position with respect to each other and 
to the adjoining iron; the next approximation is apparent from 
the diagram, by inspecting the lark of equality in the average 
width and length of the cells. I xml Rayleighs condition is 
secured by this means, since the combination of cells of equal 
reluctance leads to but one result, wind her they are combined 
first in parallel or first in series. After a few trials I la* spurt* is 
properly ruled, and it simply remains to count flit* number of cells 
in series and in parallel. Dr. Ixdmmim shows n few applications 
of his method to practical cases of electrical machinery, and the 
reader is referred to the* original article for further details. 

The foregoing methods apply only to I lie regions outside the 
exciting current, because only in such parts of the field the maxi¬ 
mum permeance corresponds to the maximum stored electromag¬ 
netic energy. Within the space occupied by the exciting windings 
the condition for the maximum of energy is different (see Art. o7) f 
and is of a form which hardly permits of the convenient application 
of a graphical method. However, in most practical cases the 
directions of the lines of force within the exciting windings arc 
approximately known a priori: or else, the windings themselves 
can be assumed,for the purposes of eomputntion,fo Ireoiimitriitecl 
within a very small space. For instance, the field winding can he 
assumed to consist of an infinitely thin layer close to the pole-waist. 
Then the condition that the permeance is a maximum m fulfilled in 
practically the whole field, and the field is mapped out on this bask 

Prob. 18. Sketch the field between the armature and a poIe«|iIecis 
or some proportion of tooth, slot, and nir-giip and determine the lower 
and upper limits of the* reluctance by Ixml Rayleighs method* 
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Prob. 19. For somi' ratio of .slot width t.o air-gap draw the tooth- 
fringe field to the* perpendicular surface of the pole, adjust the number 
and spacing of the line's of force* by Dr. Lehmann’s method, and see how 
closely you can cheek the corresponding point on Darter's eurve (Fig. 20). 

Prob. 20. From the given drawing of a machine, determine the 
permeance of the fringe from tin* pole- tip to the armature by Lehmann’s 
method; eonsult, if necessary, Dr. Lehmann's original article. 

Prob. 21. Map out the leakage field between the opposing pole-tips 
and cores of a given machine, and determine its equivalent permeance by 
Lehmann's method, assuming tin* field coils to be thin and close to the core. 

41a. The Law of Flux Refraction. When mapping out a field 
in air, the linew of force* must be drawn ho as to enter the adjoining 
iron almost normally to its surface, even if they are continued in 
the iron almost paraded to its surface. The lines of force change 
their direction at the dividing surface suddenly (Fig. 32), and in 
so doing they obey the so-called law ofjlux refraction; namely, 

tan Oi/Uxn »/<,■//<«.(58) 


Since /*« In many times smaller than /q, the angle 0 a is usually very 
small, unless th i« very nearly 90 degrees. It may he said in gen¬ 
eral that the lower the* permeability 


of a medium the nearer the lines 
of force nre to tin* normal at its 
limiting surfaces, In this way, the 
path between two given points is 
shortened in the medium id lower 
permeability and is lengthened in 
the medium of higher permeability. 
Thus, the total permeance of the 
circuit is made a maximum. 

To deduct the above-stated law 
of refraction, consider a tube of 
flux between the equipotenlial sur¬ 
faces ah and ed l the width of the 
path in the direction perpendicular 
to the plane of the paper being one 
centimeter, I at and /4 he the 



F «, 32,—The refraction of 
a flux. 


flux densities, and Hi and H a the 

eonwponding magnetic intensities in the two media. Two 
conditions must he satisfied, namely, first, th© drop of 
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along ac is the same as that, along bd, and secondly, the total 
flux through cd is equal to that through ah. Or 


and 


ll n -a<' Il r hd , 


lit-f'd Ii{ -ah. 


Dividing one equation by the other, and rearranging the terms, 
eq. (f>K) is obtained. 

Prob. 22. Show that the total refraction which is in some cases 
experienced by rays of light is impossible in the case of magnetic lines 
of force. 

Prob. 23. Part, of a flux emerges from the flank of a tooth into the 
slot at an angle of 1° to the normal. What is the angle which the lines 
of force make with the side of the slot in the iron, assuming the relative 
permeability of the iron to he 1000? Aim. 90° ~ *3° 17'. 



CHAPTER VII 


THE MAGNETOMOTIVE FORCE OF DISTRIBUTED 

WINDINGS 

42. The M.M.F. of a Direct-current or Single-phase Dis¬ 
tributed Winding. In the two preceding chapters it is shown how 
to calculate the ampere-turns required for a given flux in an elec- 
trie machine. When the exciting winding is concentrated, that is, 
when nil the turns per pole embrace the whole flux, the number of 
ampere-turns is equal to the product of the actual amperes flowing 
through the winding times the number of turns. Such is the case 
in a transformer, in a direct-current machine, and in asynchronous 
machine with salient poles. In some cases, however, the exciting 
windings are distributed along the air-gap, so that only a part of the 
flux is linked with all the turns, anti the actual ampere-turns have 
to be multiplied by a factor in order to obtain the effective m.m.f. 
Such is the case in an induction motor, and in an alternator with 
non-salient poles. Moreover, one has to consider the m.m.f. of 
distributed armature windings when calculating the performance 
of a machine underload, because tin* armature currents modify the 
nodond flux. In this chapter the* m.m.fs. of distributed windings 
niv treated mainly in application to the performance of the induc¬ 
tion motor; in particular, to the calculation of the no-load current 
and the 1 reaction of the secondary currents. The armature reaction 
in synchronous and in direct-current machines is analyzed in the 
next two chapters. 

Distributed Winding for Alternator Field . A cross-section of a 
four-pole field structure with non-salient poles for a turbo-alterna¬ 
tor is shown in Pig. 33m The flux is graded (Pig. 336) in spite of 
a constant air-gap, because the total ampere-turns act only upon 
tin* part a of a pole; two-thirds of the ampere-turns act upon the 
parts 6, 6 and one-third upon the parts e, c The m.m.f. and the 
flux in the parts d t d are equal to zero. Thus, theoretically, the 
flux density in the air-gap should vary according to a “ stepped ” 
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curve (Fig. 33b); in reality, the comers are smoothed out by the 
fringes. The total number of ampere-turns per pole must be such 

as to create the assumed 


a 



Fig. 33b. The flux-density distribution for 
the field shown in Fig. 33a. 


maximum flux density 
Bma* in the air-gap 
under the middle part 
of the pole. The slots 
are placed with due re¬ 
gard to the mechanical 
strength of the struc¬ 
ture, and so as to get a 
flux-density distribu¬ 
tion approaching a . sine 


wave. The middle part of the curve is left flat, because very little 





Ciiap. VII] M.M.F. OF DISTIUBUTKI) WINDINGS 


123 


flux would be gained l>v placing a narrow coil near the center of 
the pole, at. a considerable expense in copper, and in power loss for 
excitation. The total flux, which is proportional to the area of the 
curve in Fig. 33/>, must. Is* of the magnitude required by eq. (31) 
for the induced e.m.f. If greater accuracy is desired, the curve in 
Fig. 33fr is resolved into its fundamental sine wave and higher 
harmonics; the area of the fundamental curve must then give 
the flux <P which enters into eq. (31). 

/S Utnjlc-phaxc Distributed Winding. Let us consider now the 
stator winding of an induction motor, and in particular the m.m.f. 
created by the current in one phase. We begin with the simplest 
case of a winding placed in one slot per pole per phase (Fig. 34). 
The reluctances of the 
stator core and of t he 
rotor core are small as 
compared with that of 
the air-gap and the 
tcad.li, and are taken 
into account by in¬ 
creasing the reluctance 
of the avlivv layer of 
the machine (air-gap 
and tooth). If l* mid 
Q are the centers of 
the slots in which the 
opposite 1 ! sides of a coil 
are placed, the m.m.f. 
distribution along the air-gap is that shown by the broken line 
IiPP'Q'QS. In other words, the m.mi. across the active layer, 
at any instant, is constant over a pole pitch, and is alternately 
positive and negative under consecutive poles. 

Ixd n be the number of turns per pole, and i the instanta¬ 
neous current; then the height PP f of the rectangle is equal to ni. 
It is understood of course that such an m.m.f. acting alone does 
not produce the sinusoidal distribution of the flux density assumed 
in the previous chapters: In a single-phase motor the sinusoidal 
distribution is due to the simultaneous action of the stator and 
rotor currents, and also to the fact that the windings are distrib¬ 
uted in several slots per pole. In a polyphase machine the simul¬ 
taneous action of the two or three phases also helps to secure a 



Pm. 34. —The xrun.f. of a singlo-phase unislot 
winding resolved into its harmonics. 
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sinusoidal distribution. As long as the coil PQ arts alone, the 
nun.f, has a “ rectangular " distribution in spare, and, if the cur¬ 
rent in the coil varies with the time according to the sine law, the 
height of the rectangle, or the m.m.f. across the active Iu\er, also 
varies according to the sine law. In what follows it is important 
to distinguish between variations of the m.m.fs. in spare, i.e.» along 
the air-gap, and those occurring in time, as t he current in a winding 
varies. 

For the purposes of analysis the rectangular distribution of the 
m.m.f. can be replaced by an infinite number of sinusoidal dist dilu¬ 
tions (Fig. 34), according to Fourier's series. 1 The advantages of 
such a development over the orginul rectangle I'P'Q'Q are ns fol¬ 
lows: 

(a) The sine wave is a familiar standard by which nil other 
shapes of periodic, curves are judged. 

0 b ) When adding the nun.fa. due to the coils in different slots, 
or belonging to different phases, it is much more convenient to mid 
sine waves than to add rectangles displaced in spare and varying 
with the time. 

(c) In the actual operation of an induction motor or generator 
the higher harmonics in the m.m.f. wave are to a considerable 
extent wiped out by the corresponding currents in the rotor, so that 
the rectangular distribution is actually changed to a nearly sinu¬ 
soidal one (see Art. 45 below). 

Let h be the height of the rectangle; we assume that for all the 

points along the air-gap the sum of the ordinates of all the sine 

waves is equal to h ; or 


h ™ A i sin x f A$ sin 3x f An sin 5x I etc. . . (5!)) 

Here x is the angle* in eleetrienl degrees, counted along the air-gap, 
and /t i, A$, A ., . art* t he amplitudes of the waves, to la* deter¬ 
mined as functions of //. No cosine harmonies enter into this for¬ 
mula, because the m.m.f, distribution is syiiitmdrtnil with respect 
to the centerline 00' of the exciting coil, IT determine tin* ampli¬ 
tude of the nth harmonic A n , multiply both sides of «*<j. (5!») by 
sin nx d(nx ), and integrate both sides lietween the limits x-C) and 

1 For the general method of expanding a fieriodir function into a wriesof 
sines and cosines, see the author's Kxfwrimmtnl Etectriml Engimrtin$> Veil. % 
pp. 222 to 227. 
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.r 7i . All the terms on the right-hand wide vanish, except the one 
containing sin 2 nx, and we have 


- h h"xA n , 


from which 



A n 

=- Ah/(m) . 

- (60) 

Thus, the required scries is 



h Ah jit (sin x-\ 

| sin 3.r4 \ sin 5x4-etc.) . 

• (61) 


This means that the amplitude of the fundamental wave is Ajn 
times larger than the height h of the original rectangle; the ampli¬ 
tude of the third harmonic is equal to one-third of that of the fun¬ 
damental wave; the amplitude of the fifth harmonic is one-fifth of 
that of the fundamental wave, etc. In practical applications the 
fundamental wave- is usually all we desire to follow, but in some 
special eases a few of the harmonics are important. 1 

Let now the winding of a phase be distributed in slots per 
pole (Figs. 15 and lb), the distance between the adjacent slots 
being or electrical degrees. The conductors in every pair of slots 
distant by a pole pitch produce a rectangular distribution of the 
m.m.f. like the one shown in Fig.54, or, what is the same, an equiv¬ 
alent series of sine-wave distributions. The nun.fs. produced 
by the different (‘oils are superimposed, and, since a sum of sine 
waves having equal bases is also a sine wave, the resultant m.m.f. 
also consists of a fundamental sine wave and of higher harmonics. 
The fundamental waves of the m.mis. of the several coils are dis¬ 
placed by an angle of a electrical degrees with respect to one 
another, so that the amplitude of the resultant wave is not quite 
X times larger than that of each component wave. The reduction 
coefficient, or the slot factor, k m is the same as that for the induced 
e.m.f, (Art. 2S), because in both eases we have an addition of sine 
waves displaced by a electrical degrees, (see also prob. 20 in Art. 

‘This method of treating the munis, of distributed windings by resolv¬ 
ing the rw(angular curve into its higher harmonies is due to A. Blondel. 
Bee his article entitled “ Quolques propri^tds g&x^rales des champs magnd- 
ti quo** tounuintM," L'Ertaimge Electrique, VoL 4 (1895), p, 248. Borne authors 
consider the actual M stepped ” curves of the m.m.f. or flux distribution, a 
procedure rat her eimdiersome, arid in the end less accurate, in view of the 
fact that, the higher harmonics are to a considerable extent wiped out by the 
currents in the rotor. 
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2S.) For the same reason, the value of the winding-pitch factor, 
k w , deduced in Art. 29, holds for the m.m.fs. as well as for the 
induced e.m.fs. 

When adding the waves of the higher harmonics due to several 
coils, one must remember that an angle ot u electrical degrees for 
the fundamental wave is equivalent to do eleefricul degrees for tlie 
third harmonic, fw for the fifth harmonic, etc. Therefore, when 
using the formula (29) and Fig. 19, different values of o ami of per 
cent pitch must be used for each harmonic, and in this connection 
the reader is advised to review Art. 20. In the practical problems 
given below the higher harmonic's of the armature in.mi. an* dis¬ 
regarded altogether. The results so obtained are in a suffieient 
agreement with the results of experiments to warrant the great 
simplification bo achieved. For the completeness of the treatment, 
and as an application of the general method, an analysis of the 
effect of the higher harmonies of an tiun.f. is given in Art. 45 
below. However, this article may be omitted, if desired, without 
impairing the continuity of the treatment in the rest of the book. 

Resolution of a Pulsating m.m.f, into Two (it id tag m.m ,fs. The 
reader is aware from elementary study that the* pulsating in.mis, 
produced by two or three phases combine into one gliding (revolv¬ 
ing) m.m.f. in the air-gap. It is therefore convenient to consider 
even a single-phase pulsating m.m.f. ns a combination of m.m.fs. 
gliding along the air-gap in opposite* directions. In this wise*, the 
m.m.fs. due to different phases arc* later combined in a simple 
manner. This method of treatment is similar to that used in 
mechanics, when an oscillatory motion is resolved into two rotary 
motions in opposite directions. Also in the analysis of polamed 
light a similar method of treatment is used, 

Take the first harmonic of the m.m.f. (Fig, 24} and assume the 
current in the exciting coil to vary with the time according to the 
sine law; then the amplitude of the m.m.f. wave also varies with 
the time according to the sine law. Imagine two tiuni. waves, of 
half the maximum amplitude of the pulsating wave, gliding uni¬ 
formly along the air-gap in opposite directions; the superposition 
of these waves gives the original pulsating wave. One can see 
this by drawing such waves on two pieces of transparent paper and 
placing them in various positions over a sketch showing the pul¬ 
sating wave. It will be found that the sum of the corresponding 
ordinates of the revolving waves gives the ordinate of the pulsating 
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wave at the name point,. Or else, represent the two gliding’ waves 
by two vectors of equal magnitude ]\I, revolving in opposite direc¬ 
tions. r I he tvsultant vector is a pulsating one in a constant direc¬ 
tion, and varies harmonically between the values ±2M. 

The analytical proof is as follows: Let the exciting current 
reach its maximum at the moment $••••••- 0. Then, if the amplitude of 

the m.m.f. wave at t his instant- is equal to A , the amplitude at any 
other instant t is equal t.o -l eos 2 nff. Therefore, the m.m.f. cor¬ 
responding to a point distant x from P and at a time t is equal to 
A cos 2 nfi sin x. By a familiar trigonometrical transformation 
we have 

A sin x cos 2 reft s= J A sin (x + 2nft) +§A sin (x -2 nft) . ((>2) 

The right-hand side of this equation represents two sine waves, of 
the amplitude' JA, gliding synchronously along the air-gap, that is, 
covering one pole pitch during each alternation of the current. 
The wave J A sin (dr + 2 nft) glides to the left, because, with increas¬ 
ing t , the value of x must be reduced in order to get the same phase 
of the nuni. wave*, that is, to keep the. value of (x+2nft) constant. 
The other wave glides to the right, because, with increasing t, the 
value of x must be* increased in order to obtain any constant value 
of (x—2nft). A similar resolution into two gliding waves can be 
made for each higher harmonic of the pulsating m.m.f. wave; the 
higher the order of a harmonic the lower the linear speed of its two 
gliding wave components. 

In practice* it is usually reejuired to know the relationship 
between the effective value* i of the magnetizing current, the num¬ 
ber of turns n per pole per phase*, and the* nest value* of one of the 
gliding nuni, waves. From the preceding explanation this rela¬ 
tionship for the fundamental wave* is 

M 4(4/7r)fc 6 aiv2-0.9ic^f, .... (03) 

where M is the* amplitude of each of the two gliding m.m.fs., nW2 
represents the* maximum height h of the original rectangle, and the* 
factor 4 is introduced because the amplitude of each gliding wave 
is one-half of that of the corresponding pulsating wave. The breadth 
factor kt is the same as that used for the induced e.mis. (Arts. 27 to 
29), Similar expressions can be written for each higher harmonic, 
remembering that their amplitudes decrease according to eq. (61), 
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and that a different value of ki must be used for each harmonic. 
The value of M is calculated so as to produce the required revolv¬ 
ing flux, as is explained in Chapters IV, V, and VI. From eq. (03) 
either n or i } or their product can be determined. 

Prob. 1. A single-phase four-pole induction motor has 24 stator slots, 
two-thirds of which are occupied by the winding; there are 18 con¬ 
ductors per slot. The average reluctance of the active layer is 0.00 rel. 
per square centimeter. What current is necessary to produce a, pulsating 
flux of such a value that the maximum flux density due to the first 
harmonic is 5 kl./sq.cm., when the secondary circuit is open? 

Ans. 8.3 amp. 

Prob. 2. Show that in the preceding problem the difference between 
the actual flux per pole and its fundamental is less than 2 per cent. 

Prob. 3. Show that, if in Eig. 34 the angle x is counted from the 
crest of the first harmonic, the expansion into the Fourier series is similar 
to eq. (61), except that cosines take place of the sines, and the terms 
are alternately positive and negative. 

43. The M.M.F. of Polyphase Windings. Consider a two- 
phase winding of the stator of an induction motor (Fig. 35a); let 

g Armature \ 

.."l i t ' 1 i &i i r li i ' lii i 

-oK- glots yo l - 

Eia. 35a.—A two-phase winding. 

the current in phase 1 lead that in phase 2 by \T, or by 90 electrical 
degrees. A little reflection will show that the resultant m.m.f. of 
the tw T o phases glides from right to left: Let the current in phase i 
reach its maximum at the instant t— 0; at this instant the current 
in the coil 2 is zero, and the m.m.f. wave is distributed uniformly 
under the coil 1; at the instant t=\T the current in phase 1 is zero, 
and the m.m.f. is distributed under the coil 2. At intermediate 
instants both coils contribute to the resultant m.m.f., so that its 
maximum occupies a position intermediate between the centers 
0\ and O 2 of the coils 1 and 2. 

The actual rectangular distribution of the m.m.f. due to each 
phase can be replaced by a fundamental sinusoidal one and its 
higher harmonics, as in Fig. 34. The pulsating fundamental m.m.f. 
of each phase can be replaced by two waves of half the ampli¬ 
tude, gliding synchronously in opposite directions. Let the wave 
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due to phase 1, and gliding to the left, be denoted by L x , and that 
due to phase 2 by L 2 . Let the corresponding waves gliding to the 
right be denoted by Ri and R 2 . Disregarding the higher har¬ 
monics, the resultant m.m.f. is due to the combined action of the 
four gliding waves L x , L 2 , R x and R 2 . At the instant t= 0 the 
crest of the wave L x is at the point Oi; at the instant t—\T the 
crest of the wave L 2 is at the center 0 2 of the coil 2. Consequently, 
at the instant t=0 the crest of the wave L 2 is 90 electrical degrees 
to the right of 0 2 , or it is at 0 x . Thus, the waves Li and L 2 actu¬ 
ally coincide in space, and form one wave of double the amplitude. 

The crest of the wave Ri is at the point 0± when t=0] the crest 
of R 2 is at the point 0 2 when t=\T. Therefore, at t=0 the crest 
of R 2 is 90 electrical degrees to the left of the point 0 2 , and the 
waves Ri and R 2 travel at a distance of 180 electrical degrees from 
each other. But two such waves cancel each other at all points 
and at all moments, so that there is no resultant R wave. Thus 
the resultant fundamental wave of m.m.f. in a two-phase machine 
is gliding. Its amplitude is twice as large as that of either of the 
component gliding m.m.fs. of the two phases, which components 



are expressed by eq. (63). If the current in phase 2 were leading 
with respect to that in phase 1 , the L fluxes would cancel each 
other and the resultant flux would travel from left to right. 

Consider now a three-phase winding (Fig. 356) and call the 
m.m.fs. which glide to the left, and which are due to the separate 
phases, by Li, L 2 , and L 3 respectively. Let the waves which 
travel to the right be denoted by R x , R 2 , and R 3 . Assume the cur¬ 
rent in phase 2 to be lagging by 120 electrical degrees, or by $T, 
with respect to that in phase 1 , and the current in phase 3 to be 
lagging by \T with respect to that in phase 2 . By a reasoning- 
similar to that given for the two-phase winding above it can be 
shown that the three L waves coincide in their position in space, 
and give one gliding wave of three times the amplitude of each 
wave. The three R waves are relatively displaced by 240 elec- 
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trical degrees; or, what is the same, by 120 electrical degrees; 
hence, their m.m.fs. mutually cancel at each point along the 
air-gap. This can be proved by drawing three sine waves dis¬ 
placed by 120 degrees and adding their ordinates point by point; 
or else one can replace each wave by a vector, and show that the 
sum of the three vectors is zero because they form an equilateral 
triangle. 

The reasoning given for the two- and three-phase windings can 
be extended to any number of symmetrical phases, say m, pro¬ 
vided that the windings are displaced in space by 360/m electrical 
degrees, and also provided that the currents in these windings are 
displaced in time by 1/mth of a cycle. The gliding fundamental 
waves due to each phase which go in one direction are in phase 
with each other, and, when added, give a wave m times larger 
than that expressed by eq. (63); while the fundamental waves 
going in the opposite direction are displaced in space by 720/m 
electrical degrees, and their combined m.mi. is zero. The direc¬ 
tion in which the resultant m.mi. travels is from the leading to 
the lagging phases of the winding. Thus, for any symmetrical 
m-phase winding 

M=0.9fc&mm,.(64) 

where M denotes the amplitude of the fundamental sine wave of 
the resultant gliding m.mi., n is the number of turns per pole per 
phase, and i is the effective value of the current in each phase. 

Prob. 4. It is desired to build a 60 horse-power, 550-volt, 4-pole, 
Y-connected induction motor, using a stator punching with 4 slots per 
pole per phase, and a winding pitch of one hundred per cent. The required 
maximum m.mi. per pole is estimated at 1550 ampere-turns. What is 
the total required number of stator turns (for all the phases) if the mag¬ 
netizing current must not exceed 25 per cent of the full-load current? 
The estimated full-load efficiency is 92 per cent, the power factor at 
full load is about 90 per cent? Ans. Not less than 504. 

Prob. 5. What is the required number of conductors per slot in the 
preceding problem, if the stator winding is to be delta-connected and to 
have a winding pitch of 75 per cent? Ans. 40. 

Prob. 6. What is the amplitude of the first harmonic of the total 
armature reaction in a 1000 kva, 440 volt, 6 pole, two-phase alternator 
with non-salient poles? The stator has 72 slots; the coils lie in slots I 
and 9; the number of conductors per slot is C 6 , In practice, the arma¬ 
ture reaction must not exceed a certain limit, and this helps to determine 
the permissible value of C B Ans. 4800C a amp.-tums. 
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Prob. 7. Plot the actual “ stepped ” curves of m.m.f. distribution 
for a two-phase winding with three slots per pole per phase, for the fol¬ 
lowing instants: t 0, t ^7 T , and t hT. Compaq the maximum and 
the average m.m.f. of the actual distribution with those of the first 
harmonic. 1 

Prob. 8. Helve the preceding problem for a three-phase winding 
with 2 slots per pole per phase, and a winding pitch of ft. Take two 
instants, M) and F* T, and show that for the instants /*=» /A T, ^ 7 T , fyT, 
etc., the m.m.f. distribution is the same as for t ■*«0, while for ^ 7 T , T, 
etc., the m.m.f. distribution is the same as for t ^ -fa T. 

Prob. 9. Proven directly that two equal pulsating sine waves of m.m.f. 
or flux, displaced by 90 electrical degrees in space and in time relatively 
to each other, give a gliding sine wave, the amplitude of which is equal 
to that of each pulsating wave. Solution: The left-hand side of eq. 
(02) gives the value of the m.m.f. at a point x and at an instant t, due 
to phase 1; the m.m.f. produced at the same point and at the same instant 
by the phase 2 is A sin (x P i?r) cos (2 nft™ \n). Adding the two expressions 
gives A sin (x f 2 xft), which is a left-going wave of amplitude /l. 

Prob. 10. Prove, as in the preceding problem, that the three pulsating, 
sine waves of m.m.f. produced by a three-phase winding, give together 
a gliding m.m.f., the amplitude of which is 50 per cent larger than that 
of each pulsating wave. 

Prob. 11. Prove by the method given in problem 9 above that m 
pulsating m.m.f. waves displaced in space and in time by an electrical 
angle 2 it/m produce a gliding m.m.f. the amplitude of which is lm times 
larger than that of each pulsating wave. Hee Arnold, Wccfmlxtrom- 
technik, Vol. 3 (1908) p. 302. 

44. The M.M.Fs. in a Loaded Induction Machine. 2 Eq. (04) 
gives the magnetizing current i of an induction motor at no-load, 
i.e., when the rotor is miming at practically synchronous speed, so 
that the secondary currents are negligible. When the motor is 
loaded, the useful flux which crosses the air-gap is due to the com¬ 
bined action of the primary and the secondary currents. In com¬ 
mercial motors the flux at full load is but a few per cent below that 
at no load, the difference being due to the impedance drop in the 

1 Problems 7 and K arc Intended to acquaint the student with the usual 
method of calculation of the m.m.f#. of distributed windings and to show the 
advantage of Blunder** method used in the text. For numerous stepped 
curves and calculations, nett Boy de la Tour, Ths Induction Motor, Chapter IV. 

*Tha treatment in this article presupposes a general knowledge of the 
equivalent performance diagram of induction machines; the purpose of 
the article Ixdng to deduce the ©met numerical relations. Tins article and 
the on© following can lie omitted without impairing the continuity of treat¬ 
ment in the rest of the text. 



132 


TUN MACiNKTK' CIIiCUT 


I Ou. -M 


primary winding, the same* as in a transformer. Therefore, the 
net number of exciting ampere-funis, M, is approximately the 
same as at no load. This means that the geometric sum of 
the nun.fs. produced by the primary ami the secondary currents at 
any load is nearly equal to the m.m.f. due to the primary winding 
alone at no load. In this respect tin* induction motor is similar to 
a transformer. 

(a) Calculation of*(he Secondary ('unrnt. Knowing t he primary 
full-load current, the secondary fulbload current can be calcu¬ 
lated from the required eounter-m.m.f.; tin* procedure can be best 
illustrated by an example. In the motor given in prob. 4 above, 
the full-load current is estimated at 57 amp,; taking the direction 
of the vector of the applied voltage as the axis of reference, the 
full-load current can be represented as .11.3 /24.S amp. The 

magnetizing current, 0.25X57 14/25, is practically in quadrature 

with the applied voltage, because it is in quadrature with the 
induced counter e.m.f., the same as in a transformer. The full¬ 
load current of 57 amp. contains a component which supplies the 
iron loss in the stator; we estimate it to be equal to about 1.1 amp, 
(2 per cent of the input), Tims, the component of the primary 
current, the action of which must he compensated by the seeottd- 
ary currents, is (51.3 -/24.X) - (i,1 /14) 50/2 -/I0.X amp,, m* its 

absolute value is 51.4 amp. This is called flit* current transmitted 
into the secondary /, or the secondary current, reduced to the primary 
circuit This current produces a maximum nuni. of 0.0x3 y 0.05X 
X42X5 1.4 55X0 amp.-turns. 

Let the rotor be provided with a three-phase winding, with 5 
slots per polo per phase, and let the winding pitch la* 13 15. The 
number of slots is selected so as to he different from that in the sta¬ 
tor, in order to insure a more* uniform torque*, and to reduce the 
fluctuations in the reluctance of the active layer. We have, 
according to eq. (54), that 55X0 0,0x3x0,935 V (m), from which 
m«2210 amp.-turns. (Vi-fain practical considerations, feu* 
instance, the value of the* induced secondary voltage, usually 
limit the choice of one of them* factors; then the other factor 
also becomes definite. If, for instance, the rotor m to have 10 
conductors per slot, the secondary current will l*e about XU amp. 
The secondary i 2 r loss is determined by the desired jier mil* slip; 
knowing the. secondary current and the tmmlier of turns, the 
necessary size of the* conductor cun easily be calculated. 
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Sometimes the secondary winding consists of coils individually 
short circuited; this is an intermediate type of winding between 
an ordinary squirrel-cage winding and a three-phase winding 
such as is used with slip-rings. Let the foregoing motor be 
provided with such a winding, of the two-layer type, and let the 
rotor have 71 slots, 6 conductors per slot, the coils being placed 
in slots 1 and 14. In formula (64) m stands for the number of 
symmetrically distributed phases, the current in each phase being 
displaced in time by 2 %/m with respect to that in the next phase. 
In the winding under consideration, each coil represents a phase, 
and one has to go over a pair of poles until one finds the next coil 
with the current in the same phase. Thus, in this case, the num¬ 
ber of secondary phases is equal to the number of slots per pair of 
poles, or ?n=35.5. Each coil has 3 turns, but there is only one coil 
per pair of poles, so that 77=1.5. Substituting these values into 
eq. (64), and also M = 5580, k b = 0.912, we find i= 128 amp. As a 
matter of fact, in this case it is not necessary to decide what the 
values of n and m are, because eq. (64) contains only the product 
mn, which is the total number of turns per pole. Thus, in our case 
mn= (7lX3)/4. 

Formula (64) holds also for a squirrel-cage winding, the number 
of secondary phases being equal to the number of bars per pair of 
poles, or 7n2 = C 2 /(-|p)j where C 2 is the total number of rotor bars, 
and p is the number of poles. Since there is but one bar per 
phase, each bar can be considered as one-half of a turn, and in 
formula (64) n = 0.25 and h~l f so that it becomes 

M = 0A5iC 2 /p .(64a) 

Or else, one may say that the total number of secondary turns per 
pole is equal to one-half the number of bars per pole, so that 
This again gives eq. (64a). For a direct proof of 
formula (64a) see problem 15 below. Applying this formula to 
the same rotor with 71 slots we find that the current per bar is 
700 amp. 

(6) The Equivalent Secondary Winding Reduced to the Primary 
Circuit When investigating the general theory of the induction 
motor or calculating the characteristics of a given motor, it is con¬ 
venient to replace the actual rotor winding by an equivalent wind¬ 
ing identical with the primary winding of the motor. In this case 
the primary current transmitted into the secondaiy is equal to the 
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actual secondary current (oik* to out* ratio of transformation), and 
the primary and the secondary voltages induced by the useful flux 
arc also equal. Hach electric circuit of the stator then cun la* 
combined with the corresponding rotor circuit. In tins manner 
the so-called “ equivalent diagram” of the induction motor is 
obtained, 1 a way of represent at ion which greatly simplifies the 
theory of the machine. 

Let i '2 be the secondary current in the coils or burs of tla* actual 
rotor, and /L that in the equivalent rotor. The eounter-m.m.f. 
of both rotors must be the same, this being the condition uf their 
equivalence, so that O.UAwm'Cjej -from which 

h*/h Awn)* .... (b5) 

This is the ratio of current transformation in an induction motor. 
The ratio of transformation of the voltages is different, namely, 

c// (a f<h s « j khjt .(00) 

In an ordinary transformer h -m because then* 

hx-h'i— b and For this reason, the induction motor is 

sometimes regarded as a generalised transformer. For an appli¬ 
cation to the squirrel-cage rotor see Appendix III. 

Taking the product miv for the actual amt the equivalent rotor 
it will be found that the total electric power input is the same in 
both, provided that the same phase displacement is preserved in 
the equivalent rotor a» in the original one. The latter condition in 
essential in order that the operating characteristics of the two 
machines he the same. This means (a) that the total pr hm of 
the equivalent rotor must he equal to that of the original rotor, in 
order to preserve the* same slip, and (5) that the leakage react¬ 
ances of the two rotors must affect the power factor of the 
primary current in the name way. 

Ix)t r >2 and r/ he the resistances of the actual and of the equiva¬ 
lent rotor, per pole per phase. We have the condition that 

WsdV^a mpV-Vyh ...... (ill) 

1 Chas. P. HtemmeU, Alternating Current Phenomena (100% p, 2411; 
Element® of Electrical Engineering (1005), p. 203; V. Kaimpatoff, The Electric 
Circuit , Chap taro X11 and XIII. 
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yubnt.itut.ing the ratio of from eq. (05) wo find 

(Ml/ »>\i) 1/' .... (OS) 

For a transformer thin equation reduces to the familiar expression 
r% ,'r a = (Ni/n*) 1 .* For tlio ratio of resistances in a motor with a 
squirrel-cage rotor sec Appendix 111. 

The ratio of the inductances is the same ns that, of the resist¬ 
ances ; this can be proved as follows: In order that the equivalent, 
winding may have 1 the same effect on the power factor of the motor 
as the actual winding, the equivalent, winding must, draw from the 
lint> an equal amount of reactive volt-amperes, due to its leakage 
inductance. Equating the magnetic energies stored in the two 
rotor windings wo have, according to oq. (104), Art. 58, 

tut • J i£U “ nh ■ 1 .(69) 

where L% and /V arc the leakage inductances of the real and the 
equivalent rotor windings, per pole per phase. Tint form of this 
equation is the same as that of eq. (67); therefore, substituting 
again the ratio of 474 from eq. (65), we have 


L'i)h'x rm (nii/ni’i) (A'i,i?ii/^j,o?iu)-.(70) 

This result, could also be foreseen from the fact that the reactances 
and the resistances enter symmetrically in the equivalent, diagram, 
and relation (68) holds therefore for the reactance's jw and x-/. 
But in the equivalent, diagram the secondary and the primary fre¬ 
quency is the same, so that the rat io of the inductance's is equal to 
that of the reactance's; this gives eq. (70). 

It must he clearly understemd that the expressions (68) and (70) 
refer to the resistances and inductance's per pole per phase. When 
the windings of a phase are all in series, both in the stator and in the 
rotor, the same ratio holds of ceuirse for the resistances per phase; 
otherwise the actual connections must be taken into consideration, 
keeping in mind that the total i*r loss must be the same in the 
equivalent winding as in the actual one. Having obtained the re¬ 
sistance of the equivalent winding per pole, the turns are connected 
in the same way as the stator turns. Thin fact must be remembered 
in particular when dealing with individually short-circuited coils 

1 Bee the author's Experimental Electrical Engineering, Vol. 2, p. 77; The 
El’-iirie Circuit, Art. 40. 
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in the rotor, or with a squirrel-cage winding. In these two cases 
the individual coils or bars in the rotor are all in parallel, while the 
stator coils of a phase are usually all in series, or in two parallel 
groups. In the case of a squirrel-cage winding the resistance of a bar 
must be augmented by that of two contacts with the end-rings, 
and of the equivalent resistance of a section of the two end-rings. 1 

Prob. 12. In a 300 horse-power, Y-eonnccted, 14-pole induction 
motor the full-load current is estimated to be 310 amp. The primary 
winding consists of 336 turns placed in 168 slots; the winding pitch is 
0.75. What is the minimum number of bars in the squirrel-cage second¬ 
ary winding, if the current per bar must not exceed 800 amp.? The 
secondary counter-m.m.f. is equal to about 90 per cent of the primary 
m.m.f. A ns. 207. 

Prob. 13. What must be the resistance of each secondary bar in the 
preceding problem (including the equivalent resistance of the adjoining 
segments of the end-rings and also of the contacts) if the slip at full load 
is to be about 4 per cent.? Hint: The per cent slip is equal to the t 3 r 
loss in the rotor, expressed in per cent of the power input into the second¬ 
ary. If x is the i 2 r loss in the rotor, expressed in horse power, we have 
that x = 0.04 (300 + x ). Ans. 70.4 microhms. 

Prob. 14. The motor with the individually short circuited second¬ 
ary coils, that is used as an illustration in the text above, is to he 
investigated with respect to its performance. By what factor must the 
actual resistance and inductance of each secondary coil he multiplied 
in order to obtain the equivalent resistance and inductance per primary 
phase? Also by what factor must the equivalent current be multiplied 
in order to obtain the actual current in cadi secondary coil? 

Ans* 146; 2.49. 

Prob. 16. Prove formula (64a) directly, by considering the m.m.fs. 
of the individual bars. Solution: At any instant the currents in the bars 
under a pole are distributed in space according to the sine law, because 
the gliding flux which ^induces these currents is sinusoidal. The average 
current per bar is i \/2 X (2 A) = 0.9f. The number of tunas per pole is 
C 2 /2p, and all these turns are active at the crest of the m.m.f. wave. 
Therefore, M «0.9i(C 3 /2p). 

46. The Higher Harmonics of the M.M.F’s. In the preceding 
study, the effect of the higher harmonics in the m.m.f. wave was dis¬ 
regarded. In fact, these harmonics usually exert a negligible 
influence upon the operation of a good polyphase induction motor, 
under normal conditions. These m.m.f. harmonics move at lower 
speeds than the fundamental field; therefore, the fluxes which they 

1 See the author’s Electric Circuit, Art. 45; also E. Arnold, Die Weclmi- 
alromtechnik , Vol. 5, Part I (1909), p. 57. 
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produce cut the secondary conductors at comparatively high rela¬ 
tive speeds; thus, secondary currents are induced which wipe out 
these harmonics to a considerable degree. There are practical cases, 
however, in which Homo one particular harmonic becomes of some 
import ance*, and affects the operation of the machine, particularly 
at- start ing. Ken 4 this reason the following general outline of the 
properties of the higher harmonies in the m.m.f. is given. 1 

In a single-phase machine 1 (Kig. 3*1) all the higher harmonics of 
the* nun.f. are' pulsat ing at tlm same* freegiency as the fundamental 
wave', beet- the' width e>f the' nth harmemic is only J/nlh of that of 
the' funelame'utal wave'. Kae*h pulsating harmemic can be replaced 
by two glieling hurmonh's of half t he' amplituele, one left-ge)ing, the 
other right-going. r rhe' linear velocity of these gliding m.m.fs. is 
only 1/nth of that of the' funelame'utal gliding wave's, bc'cause they 
eove'r in the' time' kT a distance equal only to the'ir own base, PQ/n 
(ISO e'lt'ctrical de'gre'('s). With erne' slot per pole, the amplitudes of 
the' higlu'r harmonics elt'crease' acce>reling to cep (01), but with more 
than one 1 sled, or with a fractional-pitch winding they decrease 
more' rapidly, because different, value's of A*/, must be. taken for each 
harmonic (see Art. 30 above'). 

In a two-phase machine', consider (Kig. 35a) the gliding waves 
L n and R n , of the nth harmonic. For this harmemic, the distance 
between 0\ anel is equal te> knn electrical degrees. At the 
instant t O tlu* ere'st of the' wave L nt is at the' point () { ; at the 
inst ant t { T the ere'st of the' wave L nu is at the point ()*>* There- 
fe>r«\ the* two wave's travel at a relative elistance of J?r(n —1) elec¬ 
trical degrees, eemsidering the base of the nth harmonic as equal 
to its own ISO electrical degrees. In a similar manner, the distance 
between the* crests of the two right-going wave's is fennel to be 
equal to (n f 1) electrical degrees. We thus obtain the following 
table* of the angular distances between the waves due to the two 
phase's: 

Order of the harmonic. 1 3 5 7 9 11 13 

Distance* Itctwccn the twoLn wave'H 0 n 2k 2k Ak 5k 6k 

Distance l>W\vron the two Rr waven n 2k 2k 4 n fwr Ott 7k 

The wave's which travel at a distance 0, 2?r, 4n, etc., are simply 
added together, while those at a distance n, Cm, etc., cancel each 

i For a mere detailed treatment mm Arnold, Wedmktromtechnik, Vol. 
3 (1912), Chapter 10, and Vol. 5, part I (1909), Chapter 9. 
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other. Thus, in a two-phase machine, the 3d, 7th, 11th, etc., 
harmonics travel against the direction of the main m.m.f., while the 
5th, 9th, 13th, etc-., harmonics travel in the same direction as the 
fundamental m.m.f., though at lower peripheral speeds. 

Applying a similar reasoning to a three-phase winding (Fig. 
356) we find that the three L n waves travel at a relative distance of 
§ 7 r(n — 1), while the relative distance between the three R n waves is 
| 7 r(n + l) electrical degrees. We thus obtain the following table of 
the angular distances between the waves due to the three phases: 

Order of the harmonic. 1 3 5 7 9 11 13 15 

Distance between the three Ln waves... 0 f?r 0 0 -^r 

Distance between the three Rn waves... jar 0 0 -% 8 -7r -^tc 

The component waves, of any harmonic, which travel at a distance 
zero from each other, are simply added together, and give a resul¬ 
tant wave of three times the amplitude of the component. The 
three waves which travel at an angular distance of |*r or one of 
its multiples from each other give a sum equal to zero. Thus, in a 
three-phase machine, the 1st, 7th, 13th, etc., harmonics travel in 
one direction, while the 5th, 11th, 17th, etc., harmonics travel 
against the direction of the fundamental m.m.f. The higher the 
order of a harmonic the lower its peripheral speed. The harmonics 
of the order 3, 9, 15, etc., are entirely absent. 

Prob. 16. What are the amplitudes of the fifth and the seventh 
harmonics, in percentage of that of the fundamental wave, for a three- 
phase winding placed in 2 slots per pole per phase, when the winding- 
pitch is 5/6? Ans. 1.4 and 1.0 per cent respectively. 

Prob. 17. Show that, in order to eliminate the nth harmonic in 
the m.m.f. wave, the winding-pitch must satisfy this condition; namely, 
r/7r = (2g + l)/ft, where y is defined in Fig. 16, and q Is equal to either 0, 
1, 2, 3, etc. Hint: Cos \yn must be = 0. 

Prob. 18. Investigate the direction of motion of the various har¬ 
monics of the m.m.f. in a symmetrical m-phase system. 

Prob. 19. Show that only the nth harmonic in the m.m.f. wave, 
due to the nth harmonic in the exciting current, moves synchronously 
with the fundamental gliding m.m.f., and therefore distorts it perma¬ 
nently. 

Prob. 20. A poorly designed 2-phase, 60-cycle induction motor has 
4 poles, 1 slot per phase per pole, and a winding pitch of 100 per cent. 
At what sub-synchronous speed is it most likely to stick? Hint: The 
torque due to any harmonic reverses as the motor passes through the 
corresponding sub-synchronous speed. Ans. 360 r.p.m. 




(UIAPTKR. VIII 


ARMATURE REACTION IN SYNCHRONOUS 
MACHINES 

46. Armature Reaction and Armature Reactance in a Syn¬ 
chronous Machine. When a synchronous machine carrica a load, 
either aw a generator or ns a motor, the armature ourrentH, being 
sources of m.m.f., modify the flux created by the field coils, and 
thuH influence; the; performance of the machine. Fig. 30 shows an 



Fm. HO—The flux distribution in a single-phase synchronous machine 

under load. 

instantaneous flux distribution in the simplest case of a single- 
phase alternator, with one slot per pole; the armature conductors 
are marked a and b. With t.h<; directions of the armature and field 
currents indicated in tin; sketch, the flux is crowded toward the 
right-hand tips of the poles. In order to show this, imagine two 
fictitious conductors a' and b' with currents equal and opposite 
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to thdse in the actual conductors a and b respectively. The addi¬ 
tion of these fictitious conductors does not modify the armature 
m.m.f. because they neutralize each other. The conductor a r 
may be considered as forming a turn with a, while V forms a turn 
with b. It will be seen that the m.m.f. of the coil aa! assists that 
of the field coil A, while the m.m.f. of the coil W is opposite to that 
of the field coil B. 

The armature current in the coil ab not only distorts the no- 
load field, but also reduces the total flux per pole. This may be 
seen by considering the flux in the four parts of the air-gap, marked 
Xj y, x', and y ', where x=x' and y—y r . The sum of the fluxes in 
the portions y and y f is the same as without the armature current, 
because the flux density in the part y is increased by the same 
amount by which it is reduced in the part y' (neglecting satura¬ 
tion) . But in the parts x and x r the flux is reduced by the arma¬ 
ture m.m.f., so that the total result over the pole-pitch is a reduc¬ 
tion in the value of the no-load flux. The position of the armature 
conductors and the direction of the armature currents have been 
selected arbitrarily. They can be chosen so that the flux will be 
crowded toward the left-hand tips of the poles, or so that the total 
flux will be increased by the armature m.m.f., instead of being 
reduced. The influence of the armature currents, in modifying the 
value of the field flux and distorting it, is called the armature reac¬ 
tion . The armature reaction is measured in ampere-turns, since 
it is a magnetomotive force. 

In addition to the general distortion of the field by the arma¬ 
ture currents, there is a local distortion around each armature 
conductor. This distortion does not extend into the pole shoes, 
but is limited to the slots and the air-gap; it is indicated in Fig. 36 
by ripples in the flux around a and b. These ripples may be 
regarded as a result of the superposition upon the main flux of the 
local fluxes & a and excited by the armature currents. While 
these local fluxes, shown by the dotted lines, have no real existence, 
except around the end connections of the armature conductors, 
it is convenient to consider them separately. They are purely 
alternating fluxes, in phase with the currents with which they are 
linked, so that they induce in the armature windings alternating 
e.m.fs. in a lagging phase quadrature with the currents. 

The effect of these local fluxes upon the voltage of the machine 
is represented by a certain armature reactance , because the effect is 
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the same as if the armature winding created no leakage, fluxes 
around it-, but a separate reactance coil were connected in series 
with each armature load. The calculation of the armature react¬ 
ance, or of the local fluxes, is treated in Art. 07, the subject of this 
chapter being armature reaction only, that is, the effect of the load 
upon the main magnetic circuit., in the numerical problems of this 
chapter, for the solution of which if is necessary to know the value 
of the armature reactance, this value is given. It is not quite 
correct, strictly speaking, to separate the local distortion of the 
main flux as a phenomenon by itself; moreover, the separation is 
somewhat indefinite and arbitrary. However, the flux so separated 
is comparatively small, and the treatment of the armature reaction 
proper is thereby greatly simplified. 

The distribution shown in Fig. 36 varies from instant to instant 
because the relative position of the armature changes with refer¬ 
ence to the poles, as well as the value of the armature current. 
Besides, there are usually two or three armature phases, and sev¬ 
eral slots per pole per phase. It would he out of the question to 
calculate the actual fluxes for each instant and to take into account 
their true influence upon the e.m.f. induced in the armature. In 
practice, certain approximate average values of armature reaction 
and of armature reactance are employed, which permit one to 
predict the actual performance of a machine with a sufficient 
accuracy. 

In the ease of a synchronous generator (alternator) the problem 
usually presents itself in the following form: It is required to pre¬ 
determine the field ampere-turns necessary for a prescribed ter¬ 
minal voltage at a given load. Knowing the resistance and the 
leakage 1 reactance of t.lw* armature, the voltage drop in the arma¬ 
ture is added geometrically to the terminal voltage; this gives the 
induced voltage in the machine. Knowing from the no-load satura¬ 
tion curve' the required nvt excitation at this voltage, and correct¬ 
ing it for the effect of the armature reaction, the necessary field 
ampere-turns are obtained. The results of such calculations for 
different values of the armature current and for various power 
factors, plotted as curves, are called the load characteristics of the 
alternator. 

In the ease* of a synchronous motor the terminal voltage is usu¬ 
ally given, and it is required to determine the field excitation such 
that, at a given mechanical output, the input to the armature be at 
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a given power-factor; a leading power-factor is usually prescribed, 
in order to raise the lagging power-factor of the whole plant. The 
problem is solved in like manner to that of the generator, by 
taking into account the proper signs when calculating the reactance 
drop and the armature reaction. The results, plotted in the form 
of curves, are called the 'phase characteristics , or V-curves of a 
synchronous motor. 1 

It will be seen from Fig. 36 that the crowding of the flux to one 
pole-tip, by the armature currents, is primarily due to the fact that 
the poles shown there are projecting or salient, so that the reluc¬ 
tance along the air-gap is variable. With non-salient poles the 
flux is simply shifted sidewise without being distorted. Therefore, 
before going into the details of the calculation of armature reaction 
in machines with salient poles we shall first consider (in the next 
article) the case of a machine with non-salient poles. 

Prob. 1. Draw the distribution of the flux, similar to that shown 
in Fig. 36, when the armature conductors are opposite the centers of the 
poles, and when they are somewhere between the adjacent pole-tips. 

Prob. 2. Explain the details of the flux distribution in Fig. 36, by 
means of a hydraulic analogy, assuming A and B to represent two main 
centrifugal pumps, and a and b to be two smaller pumps placed in the 
stream. 

Prob. 3. Let each field coil in Fig. 36 have N turns, and let the 
exciting current be /; let the number of conductors at a be C 8} and the 
instantaneous value of the armature current i. What is the total flux 
per pole, if the average permeance of the machine per pole is CP perms 
per electrical radian, and the angles 6 and x are in electrical radians? 

Ans. (2NId — C 8 ix)(P. in maxwells. 

Prob. 4. Let a synchronous machine be loaded in such a way that 
the armature current reaches its maximum when the conductors a and b 
(Fig. 36) are opposite the centers of the poles, in other words, the current 
is in phase with the e.m.f. which would be induced at no load. Prove 
that (neglecting saturation) the average flux per pole during a complete 
cycle is the same as without the armature reaction, but is crowded to 
the leading tip of the pole, i.e., in the direction of rotation in the case of 
a motor, r.rd to the trailing tip, or against the direction of rotation when 
the machine is working as a generator. Hint: The flux is weakened as 
much in the position x of the conductors as it is strengthened in the 
symmetrical position x'; the distortion is in the same direction in both 
positions. 

1 See the author’s “ Experimental Electrical Engineering Vol. 2, p. 121; 
also his “Essays on Synchronous Machinery,” General Electric Review , 
1911, p. 214. 
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Prob. 6. Let a .synchronous machine he loaded in such a way that 
the armature current, reaches its maximum when the conductors a and b 
(Fig. 3f>) are midway between the poles, in other words, when the current 
is displaced by 90 electrical degrees with respect to the c.m.f. induced 
at no load. Prove that the average distortion during a complete cycle 
is zero, but that the flux is weakened if the armature current lags behind 
the induced e.m.f., and is strengthened by a leading current. Hint: 
The flux is weakened in both of the symmetrical positions, x and x', of 
the conductors, but the distortion is in opposite directions. 

Prob. 6. In a single-phase synchronous machine the armature 
current, reaches its maximum when the armature conductors are dis¬ 
placed by an angle </> with respect to the (‘enters of the poles; 1 prove that 
the field is distorted by the component i cos 4 f of the current and is 
weakened or strengthened by the component i sin 4>, 

47. The Performance Diagram of a Synchronous Machine with 
Non-Salient Poles. Let, in a machine with non-salient poles, the 
field winding be placed in several slots per pole, so that the field 
m.mi. in the active layer of the machine is approximately distrib¬ 
uted according to the sine law. Consider the machine to be a 
polyphase generator supplying a partly inductive load. The ampli¬ 
tude of the first harmonic of the armature reaction has the value 
given by eq. (64) in Art. 43, and revolves synchronously with the 
field m.mi., as is explained there. Since the sum of two sine waves 
is also a sine wave, tins resultant m.mi. is also distributed in the 
active layer of the machine according to the sine law. 

To deduce the phase displacement, in space, between the two 
sine waves, consider the coil a b (Fig. 30) to be one of the phases of 
the polyphase armature winding. For reasons of symmetry, the 
maximum m.mi. produced by a polyphase winding is at the center 
of the coil in which at that particular moment the current is at a 
maximum. Assume first that the current in the phase ab reaches its 
maximum when the conductors a and b are opposite the centers of 
the poles. The maximum armature m.mi. at that instant is dis¬ 
placed by 90 electrical degrees with respect to the center lines 
of the poles. The direction of the armature current is determined 
by the well-known rule, and it is found to be such that the arma¬ 
ture m.mi. lags behind that of the pole, considering the direction 
of rotation of the poles as positive. Since both m.m.fs. revolve 
synchronously, this angle between the two m.mi. crests is pre- 

1 The angle <f» in different from the external phase-angle <f> between the 
current arid the terminal voltage; em Fig. 37. 
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served all the time. Thus, in a polyphase generator, the armature 
m.m.f. lags behind the field m.m.f. by 90 electrical degrees in 
space, when the currents are in phase with the voltages induced at 
no-load. This statement is in accord with that in problem 4 in the 
preceding article, because, if each phase shifts the flux against the 
direction of rotation, all the phases together simply increase the 
result. 

Let now the currents in the armature windings be lagging 
90 electrical degrees behind the corresponding e.m.fs. induced 
at no-load. This simply means that the armature m.m.f. is shifted 
further back by 90 degrees as compared to the case considered 
before; therefore, the angle between the field m.m.f. and the 
armature m.m.f. is 180 electrical degrees, and the two m.m.fs. are 
simply in phase opposition. This is in accord with the statement 
in prob. 5. 

From the two preceding cases it follows that, when in a syn¬ 
chronous machine with non-salient poles the currents lag by an 
angle <p electrical degrees (Figs. 37 and 38) with respect to the 
induced voltage at no-load, the armature m.m.f. wave lags by an 
angle of 90 + ^ electrical degrees behind the field m.m.f. wave. In 
the case of a generator with leading currents the angle $ is negative; 
in a synchronous motor <f> is larger than 90 degrees. 

Let, in Fig. 37, % be the vector of the current in one of the phases, 
and let e be the corresponding terminal voltage, the phase angle 
between the two being <£. Adding to e in the usual way the ohmic 
drop ir in the armature, in phase with i, and the reactive drop ix 
in leading quadrature with i, the induced voltage E in the same 
phase is obtained. 1 The resultant useful flux, Q, which induces 
this e.m.f. leads E by 90 degrees in time; 0 is in phase with the 
net or resultant m.m.f. M n which produces it. The m.m.f. M n is a 
sum of the field m.m.f. Mf and of the armature reaction M a 

1 On account of skin effect and eddy currents in the armature conductors, 
the effective resistance r to alternating currents is considerably higher than that 
calculated or measured with direct current. The actual amount of increase 
depends upon the character of the winding, the size of the conductors, the 
shape of the slots, the frequency, etc., so that no definite rule can be given. 
Fortunately, the ohmic drop constitutes but a small percentage of the voltage 
of a machine, so that a considerable error committed in estimating the value 
of the ir drop affects the voltage relations but very little. See A. B. Field, 
“Eddy Currents in Large Slot-wound Conductors,” Trans. Amer. Inst. 
Med. Engrs Vol. 24 (1905), p. 761. 
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expressed by eq. (0*1). The triangle OFU represents the relations in 
space, while tin* figure OA HI) is a time diagram. Therefore, the 
two figures art' independent of one another; but it is convenient 
to combine them into one, by using the common vectors $ and i . 



Fiu. :I7. The performance diagram of a synchronous genmitor, with 
mm-mlienL poles. 

With reaped to the triangle OFO, the vector i represent t.he poai- 
tion of the ei'ent of the armature m.m.f. relatively to the creat 00 
of the field m.m.f., the angle between the two being $)() + /', iw ia 
explained above. Thua, t he vector M a iH in phaae with i. 
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When i and v are given, the vector E is easily found if I hr 
resistance and the reactance of the* armature winding art' known. 
The required net excitation, 3/«, is then taken irom the no-load 
saturation curve of the machine, and M n is figured out from eq. 
(04). Then the required held ampere-turns, 3//, are found from 
the diagram, either graphically or analytically. 

The diagram shown in Fig. 17 is known as t he Eotnr (Umjram. 
Strictly speaking, if is correct- only for machines with non-salient 
poles, but as an approximate semi-empiriral method it is some¬ 
times used for machines with projecting poles, in place of the more 
correct diagram shown in Fig. 40, Fig. 07 represents the condi¬ 
tions in the ease of a generator with lagging currents. When the 
current is leading the vector i is drawn to the left ni the vendor r, 
with the corresponding changes in the other vendors. 

A similar diagram for a synchronous motor which draws a 
leading current from the line is shown in Mg. IK. The vector E 
represents the line voltage, and v is the equal and opposite voltage 
which is the terminal voltage of the machine considered as a gem 
erator. The rest of the diagram is the same m in Mg. .17, A lead¬ 
ing current with respect to the line voltage E is a lagging current 
with respect to the generator terminal voltage t\ so that the field 
is weakened by the armature reaction in both ruses (3/,<3/^ in 
both figures). The energy component i% of the current is reversed 
in the motor, therefore the field In shifted in the* opposite direc¬ 
tion; M n leads 3// in the motor diagram and lags behind it in the 
generator diagram. Tin* ease of a synchronous motor witli a 
lagging current can be easily analyzed by analogy with the above- 
described cases. 

In practice, it is usually preferred to represent the relations 
shown in Figs. 17 and IK analytically, rather than to actually con¬ 
struct a diagram. The following relations hold for both the gen¬ 
erator and the motor. Projecting all the sales of the polygon 
OABI) on the direction v and on the direction jHTpendicuhtr to 
and leading e by 90 degrees, we have 

E cos (ji t ^ r -I ir cos </> * ?> sin . # . (71) 

E sin (jig ix eos </* ir mu */*, .... (72) 

where <f> M is the angle between the vectors v and h\ counted positive 
when E leads e, as in Fig. 17. The subscript % suggests that the 
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angle $> z is due to the impedance of the armature. The expressions 
i cos (j> and i sin <fi represent the energy component and the react¬ 
ive component of the current respectively; they are designated in 



Fig. 38.—The performance diagram of a synchronous motor, with 
non-salient poles. 

Figs. 37 and 38 by h and i 2 . Denoting the right-hand sides of the 
eqs. (71) and (72) by ex and e 2 for the sake of brevity, we have: 


e\ — e+i\r+i 2 x] .(73) 

e2=iix—i2r .(74) 
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Squaring eqs. (71) and (72) and adding them together gives 

E « (75) 

Dividing eq. (72) by (71) results in 

tan </> z ■ (> 2 /ei .(70) 

Consequently, the angle between E and i becomes known; namely, 

</> f cj> -f </>*,.(70a) 

where <// is called the internal phase angle. Knowing E, the cor¬ 
responding excitation M n is taken from the no-load saturation 
curve of the machine; from the triangle OFU we have then: 

Mf^M n 2 + Ma 2 + 2M n M a mi$', . . . (77) 

where <j> f is known from eq. (76a). In numerical applications it is 
convenient to express all the ATs in kiloarnpere-turns. 

The diagram shown in Fig. 38 and the equations developed 
above can be used for determining not only the* phase characteris¬ 
tics of a synchronous motor, but its overload capacity at a given 
field current as well. This latter problem is of extreme importance 
in the design of synchronous motors. The input into the machine, 
per phase, is — ei cos <■/>; the part ir of the line voltage is lost in the 
armature, the part ix corresponds to the magnetic energy which is 
periodically stored in the machine and returned to the line, without 
performing any work. The remainder, E f corresponds to the use¬ 
ful work done by the machine, plus the iron loss and friction. If 
the armature possessed no resistance and no leakage reactance the 
terminal voltage would be equal to E in magnitude and in phase 
position. Thus, the expression — Ei cob corrected for the core 
loss in the armature iron, represents the input into the revolving 
structure, per phase. The overload capacity of the machine is 
determined by the possible maximum of this expression. 

The problem is complicated by the fact that the relation 
between E and M n is expressed by the no-load saturation curve, 
which is difficult to represent by an equation. The problem is 

1 In numerical applications it is more convenient to use the approximate 
formula 

fie 3 3 /ei ... . . (75a) 

obtained by the binomial expansion of expression (75); since all other terms 
can be neglected when e % is small as compared to 
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therefore solved by trials, assuming a certain reasonable value of 
E } and calculating the expression — Ei cos <£', until a value of E 
is found, for which this expression, corrected for the core loss, fric¬ 
tion, and windage, becomes a maximum. The problem of finding 
i and <f>' for an assumed E is a definite one, because the four equa¬ 
tions (71), (72), (76a) and (77) contain only four unknown quanti¬ 
ties, i } <j b, <j b z , and <£'. Instead of solving the problem by trials, an 
analytical relation can be assumed between E and M n , on the use¬ 
ful part of the no-load saturation curve, for instance a straight line 
(not passing through the origin), a parabola, etc. The problem is 
then solved by equating the first derivative of the product— 
Ei cos <f)' to zero, having previously expressed E , i } and cos <f> f 
through some one independent variable. Both methods have 
been worked out for a synchronous motor with salient poles. 1 The 
relations are simplified for a machine with non-salient poles. 

The foregoing theory of the armature reaction does not apply 
directly to single-phase machines. The pulsating armature reac¬ 
tion in such a machine can be resolved into two revolving reactions, 
as in Art. 42. The reaction which revolves in the same direction 
with the main field is taken into account as in a polyphase machine. 
The inverse reaction is partly wiped out by the eddy currents pro¬ 
duced in the metal parts of the revolving structure; it is therefore 
difficult to express the effect of this reaction theoretically. The 
treatment in this book is limited to polyphase machines, which are 
used in practice almost exclusively. 2 

Prob. 7. In the 1000 kva., 440-volt, 6-pole, two-phase alternator, 
given in Problem 6, Art. 43, the amplitude of the first harmonic of the 
armature reaction was 4800C S ampere-turns. What is the per cent 
voltage regulation of the machine at a power-factor of 80 per cent 
lagging, if C s = l, that is if the armature has one conductor per slot? 
The armature reactance is 0.038 ohm, and the armature resistance is 
0.008 ohm, both per phase. The no-load saturation curve of the 
machine is as follows: 

£7=400 440 490 525 550 volts. 

M n =6.7 8.0 10.0 12.0 14.0 kiloamp.-turns. 

Ans. 22 per cent. 

1 See the author's “ Essays on Synchronous Machinery,” General Electric 
Review , 1911, July and September. 

3 In regard to the armature reaction in single-phase machines, see E. 
Arnold, Die Wechselstromtechnik, Vol. 4 (1904), pp. 32-39; Pichelmayer, 
Dynamobau (1908), pp. 251-259; Max Wengner, Theoretische und Expert 
mentelle Untersuchungen an der Synchronen Einphasen-Maschine (Oldenbourg, 
1911.) 
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Prob. 8. The machine specified above is to be used as a synchronous 
motor. Determine graphically the rot join'd field excitation when the 
useful output, on the shaft is to be 700 k\v„ and in addition the machine 
must draw from the line (>()() leading reactive kwi. I In* efficiency tit the 
machine at the above-mentioned load is estimated to be about 01 per 
cen j. Ans. 12.A kiloaiupere-turus. 

Prob. 9. Draw to the same wale as the diagram shown in Fig. 37, 
another similar diagram, for tho same value of the cuiient and of tilt' 
phase angle </>, except that the current is to be leading. Assume a 
reasonable shape ol the saturation curve in determining the new value ot 
M n . Show that a much smaller exciting current is required with the 
same kva. output, than in the case of a lagging current. 

Prob. 10. Solve problem !) for the motor diagram shown in Fig. 38, 
assuming the current to be lagging with respect to the line voltage. 

Prob. 11. Fora given alternator, show how to determine the voltage 
c (Fig. 37), analytically or graphically, when .»//, i, and </' am given; 
explain when such a case arises in practice. 

Prob. 12. For a given synchronous motor, show how to determine 
the reactive component t 2 of the current (Fig. 38). analytically or graphic¬ 
ally, when M;,e and t, am given; explain when such a case arises in 
practice. 

Prob. 13. Work out the details of the idmve-meiitiimed method 
for the determination of the overhaul capacity of a synchronous motor 
by trials. Hint: Introduce the components of c amt i, in phase and in 
quadrature with E\ rewrite eqs. (71) and (72) by projecting the figure 
OABD on the direction of /•! and on that perpendicular to Use no 
angles in the formula 1 , and neglect the small terms containing r, where 
they lead to complicated equations of higher degrees. 

48. The Direct andTransverseArmatureReaction in a Synchro¬ 
nous Machine with Salient Poles. Inn machine with non-salient 
poles the armature reaction shifts the field flux but hardly distorts 
its shape. In a machine with projecting poles the flux, generally 
speaking, is both altered in value and crowded toward one pole- 
tip (Fig. 36). It is convenient, therefore, to resolve the traveling 
wave of the armature m.m.f. into two waves, one whose rrests coin¬ 
cide with the center lines of the poles, the other displaced by fH) 
electrical degrees with respect to it. Tin* first component of the 
armature m.m.f. produces only a “ direct ” effect upon the field 
flux, that is, it either strengthens or weakens tlx* flux, without dis¬ 
torting it. The second component produces a " transverse ” 
action only, viz., it shifts the flux toward one or the other pole-tip, 
without altering its value (that is, neglecting the saturation). 

We have seen before that an armature current, which reaches 
its maximum when the conductor is opposite the center of the 
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polo, distorts the tlux; while a current in quadrature with the 
former exerts a direct reaction only. It is natural, therefore, to 
resolve the actual current in each phase into two components, in 
time quadrat urn with each other, and in such a way that each 
component reaches its maximum in one of the above-mentioned 
principal positions of the conductor with respect to the field-poles. 
Ltd. the current in earh phase be i , and let it reach its maximum at 
an angle </» after the induced no-load voltage is a maximum (Fig. 
40). Then, the two components of the current arc 

id i sin ([> 


The component. i tl produces a direct armature reaction only, 
and the component i t a transverse reaction only. 1 

For pract ical cnlculat ions, and in order to get a concrete picture 
of the armature reaction, it- is convenient to represent the armature 
reaction as shown in Fig. Ml Namely, the direct reaction, due to 
the components f <; of t he armature currents, is replaced by an equiv¬ 
alent number of eoneentrated ampere-turns M d on the pole. The 
value of M d is selected so that its action in reducing or strength¬ 
ening the tlux is equal to the true action of the armature currents. 
The transverse reaction, due to the component i t of the armature 
currents, is replaced by a certain number of ampere-turns, M t , on 
tin* fictitious poles, {S) f (X), shown by dotted lines between the real 
poles. For simplicity, and for other reasons given in Art. 51, the 
fictitious poles are assumed to be of a shape identical with that of 
the real poles. The number of exciting ampere-turns M t is so 
chosen, that the effect of the fictitious poles is approximately the 
same as that of (la* distorting ampere-turns on the armature. 

The flux of the fictitious poles strengthens the flux of the real 
poles on one side and weakens it by the same amount on the other 
sides ho that the* fictitious poles actually distort the main flux 
without altering its value. Strictly speaking, the complete action 
of the distorting ampere-turns on the armature cannot be imitated 

* The resolution of the armature reaction in a Hynchronous machine 
into a direct and a transverse reaction wan first done by A. Blondcl. Sec 
V Industrie Rltrlrupw, lHi»9 f p, 4HI; also hi« book MoUmn Synehrones (1900), 
and two patient of bin In the Tram, Intern. BUcir . Congrem, St. Louis, 1904, 
Vol. 1, pp. 020 and 
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by fictitious poles of the same shape as the main poles, because 
harmonics of appreciable magnitude are thereby neglected. How¬ 
ever, actual experience shows that the performance of a machine, 
calculated in this way, can be made to check very well with the 
observed performance, by properly selecting the coefficients of the 
direct and the transverse reaction. In a generator, the Hux is 
crowded against the direction of rotation of the poles (Fig. M); 
consequently, the fictitious poles lag behind tin* real poles, ns 
shown in Fig. 39. In a synchronous motor they lead the real 
poles by 90 electrical degrees. 

If the ratio of the pole arc to pole-pitch were equal to unity, 
as with non-salient poles, the whole wave of the demagnetizing 


Actual distribution Flux distribution 
of transverse flux due to fietttlou* pole 

Perm etuaco 



JtotAtioft 

1 ia. 30. The direct and transverse armature reactions in a synchronous 
machine, represented by fictitious poles and field windings. 

m.m.f. of the armature would bo noting upon tho polo, and tho 
equivalent concentrated m.m.f. M d on the polo would have to be 
oqual to the average value of the actual distributed armature 
m.m.f. We would have then 

Md**(2/n)M bu\ ifr, .( 7 n) 

where the maximum armature m.m.f. in determined by eq. ((H), 
Art. 43, and 2/jt»0.637 ia the ratio of the average to the maximum 
ordinate of a sine wave. In reality, only a part of the armature* 
m.m.f., the one near its amplitude, acts upon the poles, the action 
of lower parts of the wave being practically zero because of the 
gaps between the poles. Therefore, the ratio between the maxi¬ 
mum m.m.f. M sin <p and the average equivalent m.m.f. is 
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larger than 0.(537. h or the ordinary shapes of projecting polos, 
experiment, and calculation (hoc Art. 50 below) show that this 
ratio varieH between 0.S1 and 0.S5. Using an average of these 
limits instead of ‘l/iz in eq. (78) and substituting for M its expres¬ 
sion from eq. (04) we obtain the following practical formula for 
estimating the armature demagnetizing ampere-turns per pole in a 
synchronous machine with projecting poles: 

Mj 0.75A-f,wm sin </>.(79) 

In this formula i sin <j< is the component i a of the armature current, 
per phase. In actual machines the numerical coeflieient in this 
formula varies between 0.73 and 0.77, depending on the shape of 
the poles and the ratio of pole-arc to pole-pitch. 

By a similar reasoning, if the ratio of pole-arc to pole-pitch were 
equal to unity, the equivalent number of exciting ampere-turns on 
the fictitious poles would be 

M t -- (2/tt) M cos (fi .(80) 

Since the ratio of pole-arc to pole-pitch on the fictitious poles 
is less than unity, the numerical coefficient, should be larger than 
2/rc. But, on the other hand, the permeance of the air-gap under 
the fictit ious poles is much higher than the actual permeance of 
the machine in the gaps between the poles, so that a much smaller 
number of ampere-turns M t is sufficient to produce the same 
distorting flux. The combined effect of these two factors is to 
reduce the coefficient, in formula (80) to a value considerably 
below 2/71. For the usual shapes of projecting poles, experiment 
and calculation (Bee Art. 51 below) show that this ratio varies 
between 0.30 and 0.36. Using an average of these limits instead 
of 2/tt in eq, (80), and substituting for M its expression from eq. 
(64), we obtain the following practical formula for estimating 
the distorting anq>er«-tumH per pole, in a synchronous machine 
with projecting jades: 

A/j«0,30&t?nni cos <{>. .(81) 

In this formula i cos t[> is the component i t of the armature cur¬ 
rent, per phase. In some actually built machines the coefficient 
in this formula comes out lower than 0.30, but in preliminary cal- 
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eolations it is advisable to use at ieaM O.bO. W lien a synch* onous 
motor is working near the limit of its overload capacity, the influ¬ 
ence of the distorting ampere-turns is partirulariy important, and 
in estimating (he overload eupnrify of a s\ nehronous mo tor it is 
better to be on the safe side and to take the value of the mnueriral 
coefficient in e<p (SI) somewhat higher than 0.A0. 'Via* value of 
this coefficient varies within wider limits than that of the corre¬ 
sponding eoeffieient, 
in formula (711); 
but, fortunately, it 
affects the perform¬ 
ance to a lesser de¬ 
gree (set' Art. ol), 

49. The Blondel 
Performance Dia¬ 
gram of a Syn¬ 
chronous Machine 
with Salient Poles. 
I laving replaced the 
net uni armature 
reart ion by two 
nun,fa. M i{ ami S! t 
(Fig, *ltt) the elec¬ 
tromagnet ic rela¬ 
tions in the machine 
become those indi¬ 
cated in Figs .40 and 
41. Fig. 40 refers 
to a generator and 
0 is analogous to Fig, 

Fig, 40. — The performance diagram of a synchro* 37; Fig. 41 refers 
nous generator, with mdunt |k>1ch. to n motor and is 

analogous to Fig, 

3S. The polygon OAHD, which represents the rc'lation between 
the terminal and the induced voltages, is the Hiuiie ns before, but 
the induced voltage E is now considered as it resultant of the 
voltages E n and E t induced by the real and the fictitious poles 
respectively. 1 In the generator the fictitious pole* lag behind 

l The subscript n stands for net, to agree with the m.m f, M* um) later 
on; the subscript t stands for transverse. 
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the real oncs, in n motor they lead the real poles. Hence, in the 
generator diagram, K, lags !)() degrees behind Ii n , while in the 
motor diagram it leads E n by <)() degrees. 

In the case of a generator the problem usually is to find the 
held excitat ion M / neces- 


sary for maintaining a 
required terminal voltage 
r, with a given current i 
and at a given power- 
factor cos </>. First., the 
figure OAHI) is con¬ 
structed, or else the 
values of H and <// are 
determined from eqs. 
(75), (7(1), and (lint). 
In order to find the 
ampere-turns required on 
the main poles it is neces¬ 
sary to determine the 
voltage Iin induced by 
them. For this purpose 
the angle ft must first be 
known, for 

E n * E cos ft. . (82) 

As an intermediate step, 
it is necessary to express 
E t through the ampere- 
turns M h which are the 
cause of E t . The rn.m.f. 
Mi is small as compared 
to the total number of 
ampere-turns on the real 
poles; hence, the lower 
straight part of the no- 
load saturation curve of 
the machine can be used 
to express the relation 



between M ( and E t , U't v be the voltage corresponding to 


one ampere-turn on the lower part of the no-load saturation 
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curve; then E t =M t v. Substituting the value of M t from eq. (81), 
we have 


where 


Et^E t ' cos (<£'+$, .(83) 

E t f =0.30 h^mniv .(84) 


Et is a known quantity introduced for the sake of brevity. The 
angle (ft in formula (83) is expressed through <j>' and /?, because, 
from Fig. 40, 

^ =<£'+/?.(85) 

Another relation between E t and /? is obtained from the triangle 
ODG, from which 

E t — E sin /?. ....... (86) 


A comparison of eqs. (83) and (86) gives that 
Et cos (<£'+/?) —2J sin /?. 


Expanding and dividing throughout by cos /? we find the relation 


cos 

tan -- ; —- 

H (E/EtO+smcj)' 


(87) 


from which the angle B can be determined, and then E„ calculated 
by eq. (82). 

The next step is to take from the no-load saturation curve the 
value M n of the net excitation necessary on the main poles in order 
to induce the voltage E n . The real excitation Mf must be larger, 
because part of it is neutralized by the direct armature raction Af 
We thus have 

Mf = M n -\- M d, .(88) 


where Mj is calculated from eq. (79), the angle ^ being known 
from eq. (85). When the load is thrown off, the only excitation 
left is Mf, let it correspond to a voltage e 0 on the no-load satura¬ 
tion curve. From e 0 and e the per cent voltage regulation of the 
machine is determined from its definition as the ratio (e 0 —e)/e. 

The same general method and the same equations apply in the 
case of Fig. 41, when one is required to determine a point on one of 
the phase characteristics of a synchronous motor. The beginner 
must be careful with the sign minus in the case of the motor. 
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Since <f>' > 90 degrees, the angle /? and the voltage E t are negative. 
The angle also is usually negative. The cases of a leading 
current in the generator and of a lagging current in the motor are 
obtained by assigning the proper value and sign to the angle <fi. 
For the application of the Blondel diagram to the determination 
of the overload capacity of a synchronous motor see the reference 
given near the end of Art. 47. 

A synchronous motor is sometimes operated at no load, and at 
such a value of the field current that the machine draws reactive 
leading kilovolt-amperes from the line, thus improving the 
power-factor of the system. In such a case the machine is called a 
synchronous condenser , or better, a phase adjuster. The diagram in 
Fig. 41 is greatly simplified in this case because the energy com¬ 
ponent of the current can be neglected, as well as the drop ir, 
and the e.mi. E t . We then have 1 = 12 = id, and E n =E=e-\-ix. 
The direct armature reaction is determined from eq. (79) in which 
<jj= 90. When the motor is underexcited and draws a lagging 
current from the line, i is to be considered negative, or </>= 270 
degrees. The same simplified diagram applies to a polyphase 
rotary converter, operated from the alternating-current side, at no 
load. 

Prob. 14. It is required to calculate the field current and per cent 
voltage regulation of a 12-pole, 150 kva., 2300-volt, 60-cycle, Y-connected 
alternator, at a power factor of 85 per cent lagging. The machine has 
two slots per pole per phase, and is provided with a full-pitch winding, 
the number of turns per pole per phase being 18. The armature resist¬ 
ance per phase of Y is 0.67 ohm, the reactance is 3.5 ohm. The number 
of field turns per pole is 200. The no-load saturation curve is plotted 
for the line voltage (not the phase voltage), and at first is a straight line 
such that at 1800 volts the field current is 17.4 amp. The working part 
of the no-load saturation curve is as follows: 

Kilovolts.2.2 2.4 2.5 2.6 2.7 2.78 

Field current, amp. 22 25 27 30 34 40 

Ans. 31 amp.; 14.3 per cent. 

Prob. 16. Show that in the foregoing machine the short-circuit 
current is equal to about two and a half times the rated current, at the 
field excitation which gives the rated voltage at no-load. Hint: The 
short-circuit curve is a straight line so that one can first calculate the 
field current for any assumed value of the armature current and e = 0. 

Prob. 16. From the results of the calculations of the preceding 
problem show that the cross-magnetizing effect and the ohmic drop are 
negligible under short-circuit, in the machine under consideration. 
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Assuming that r m usually small as compared to .r, describe a simple 
method for calculating the abort-circuit curve, using only the reactance 
of the machine and the demagnetizing ampere-turns of the armature. 
In practice, the influence of the neglected factors is accounted lor in short- 
circuit calculations by taking sin $ in formula l79) as equal to between 
0.95 and 0.98 instead of unity. 

Prob. 17. Plot the no-load phase ehnraeteristic of the machine 
specified in problem 14, when it is used as a motor. The iron loss and 
friction amount to 8.5 kw. 

Ann. Field amperes. 14.9 23.4 32.0 

Armature amperes.. . . 30 2.13 30 

Prob. 18. The machine specified in problem M is to be used as a 
motor, at a constant input of 150 kw. Plot its phase characteristics, 
i.e., the curves of the armature current and of power-factor against the 
field current as abscissae 

Ann. Field amperes ..... 32.0 24.3 10.05 

Armature amperes.. 47.00 37.05 47 00 

Power-factor. 0.80 1.00 0.H0 

Prob. 19. Write complete instructions for the predetermination of 
the regulation of alternators and of the phase characteristics of synchro¬ 
nous motors, by BlondePs method. The instructions must give only 
the successive steps in the calculations, without any theory or explana¬ 
tions. Write directions and formula* on the left-hand side of the sheet, 
and a numerical illustration on the right-hand side opposite it, 

Prob. 20. Calculate the overload capacities of the foregoing motor 
at field currents of 25 amp. and 35 amp., by the two methods dcscrilwd 
in the articles refered to near the end of Art. 47. 

Prob. 21. Show that for a machine with non-salient poles BlondePs 
and Potter's diagrams are identical 

60. The Calculation of the Value of the Coefficient of Direct 
Reaction in Eq. ( 79 ). 1 The average value f),K3 of the ratio of the 
effective armature m.mi. over a pole-fare to the maximum m.m.l 
at the center of the pole is given in Art. 4K without proof. The 
following computations show the reasonable theoretical limits of 
this ratio. If the armature m.mi. (direct reaction) at the renter 
of the N pole (Fig. 39) is M, its value at some other point along 
the air-gap is M cos x, whom x is measured in electrical radians. 
Let the permeance of the active layer of the machine per electrical 
radian be (P at the center of the pole, and let this |M*rmeanre vary 
along the periphery of the armature according to a law f(x)> so 
that at a point determined by the abscissa x the jiermeanee jmt 

1 This and th© next article can be omitted, if desired, without impairing 
the continuity of treatment. 
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electrical radian is (f*J(x), The i unction/(r) must, bo periodic and 
such that /(0) l, and /(Lt) 0, /(tt) l, etc.., because the per me¬ 

an roaches its maximum value* umler the (‘.enters of the poles 
and is practically nil midway between the poles. 

The direct armature m.m.f., acting alone*, without any excita¬ 
tion on the polos, would produce in each half of a pole a llux 

0 £ * M cos X (P/(/)(/i\ 

The magnetomotive force* M d placed on the real poles, acting 
alone, must produce the same total flux, so that 

<P U„f t) ' iK (PJ\x)<ix. 

Kquating tho Uvo promling expronHicms we get 

A/ r cuh r/(x)(/x» M d C i ’ , f(x)dx. . . . (89) 

%fi) 

The* ratio of M d to M can be* calculated from this equation, by 
assuming a proper law fix) according to which the permeance of 
the active 1 layer varies with ,r, in poles of the usual shapes. Hav¬ 
ing a drawing of the armature and of a pole, the magnetic, field can 
be mapped out by the judgment, of the eye, assisted if necessary 
by Lehmann’s method (Art. 41 above). A curve can then be 
plotted, giving the relative permeances per unit peripheral length, 
against x as abscissa*, dims, the function f(x) is given graphically, 
and the* two integrals which enter into ecj. (X9) can he* determined 
graphically or la* calculated by Simpson’s llule. Or else, 
fix) can be* expanded inte> a Fourie*r series and the integration 
performed analytically. Such (’aleulations performed on poles of 
the usual proportions give* valuer of M d /M of lx*tween 0.81 and 
0.85. 

It is nine) possible* to assume* for fix) a few simple analytical 
expressions, and integrate* cep (89) dire*ctly. Take for instance 
f(x) cem 2 x> By plotting thin function against x as abscissae the 
reader will see* that the* function becomes zero midway between 
the poles, is equal to unity opposite the centers of the poles, and 
lias a miBcmable gt»ne*ml shape at intermediate points. Substi¬ 
tuting caw 2 x for fix) into ecp (89) and integrating, gives |M « 
i rcMtit from which M d /M ^0,85. 
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Another extreme assumption is that of poles wit hunt, chamfer, 
with a constant air-gap. Neglect ing the iringe at t he pole-tipn, 
j\x) --= 1 from .r - 0 to x (K and j\x) 0 from x 0 to x 4*. Inte¬ 
grating eq. (89) between t lie limits 0 and 0 we obtain 

M d ;M (sin tf\ 0 .(90) 

The poles usually cover bet ween t»0 and 70 per cent of t he periph- 
ery. For 0A)X)(\x) the preceding equation gives M ti M O.Xfi, 
and for 0 ^0.7(kit), M d M 0.8 i. 

Prob. 22. Let the permeance of the active layer decrease from the 
renter of the poles according to the straight line law, so that 

Ax) ~ ! Ci/chr. 

What is the ratio of M d lMt 0,H11, 

Prob. 23. The permeance of the active Inver decreases according 
to a parabolic law, that is, as the square of the distance from the renter 
of the poles, Wlrnt is the ratio of M d /M/ Am. 0,774. 

Prob. 24. The law fix) ~coh* / assumed in the text above presup¬ 
poses that the permeance varies according to a sine law of double 
frequency with a constant term, Iwwnuse cos* x ~ § » J eon Zt\ In reality, 
the permeance varies more slowly under the poles and more rapidly 
between the poles than this law presupposes (Fig. din. A correction can 
be brought in by adding another harmonic of twice the frequency to the 
foregoing expression, thus making it nnsvinmetneal, and of the form 
f(x) a i b eos 2x I c eos 4.r. Show that fix l - 2 nm s x cos 4 x contains 
the largest relative amount of the fourth harmonic, consistent with the 
physical conditions of the problem, and compare graphically this curve 
with f(x) ™ cos 2 .r. 

Prob. 25. What is the value of M d f,\I for the form of /t/j given in 
the preceding problem? Ana, 0.815, 

Prob. 26. Plot the curve fix) for a given machine, estimating the 
permeances by MmmmPs method, and determine the value of the coef¬ 
ficient in formula (79), 

51. The Calculation of theValue of the Coefficient of Transverse 
Reaction in Eq. (81). The average value 04W of tin* ratio of the 

maximum distorting armature m.mi. to the equivalent mmiberof 
ampere-turns, M h on the fictitious poles is given in Art, 4K without 
proof. The following computations show the reasonable theoret¬ 
ical limits of this ratio. The problem is more complicated than 
that of finding the ratio of Mh/M » hmiiisf* them the field ampere- 
turns, the actual demagnetizing armature»m,mi., and the equiva- 
lent ampere-turns M d are all acting on the name (lermeanee of the 
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active layer, and the wave form of the flux is very little affected by 
the direct armature reaction. In the case of the transverse reac¬ 
tion, however, the* wave form of the. (lux produced by the actual 
cross-magnetizing ampere-turns of the armature is entirely differ¬ 
ent from that produced by the (‘oil M t acting on the fictitious pole 
(Fig. 39). Namely, the actual curve of the transverse flux has a 
large “ saddle ” in the middle, due to the large reluctance of the 
spare between the real poles. The flux distrilmtion produced by 
the fictitious poles is practically the same as that under the main 
poles, the two sots of poles being of the same shape. 

The addition of the vectors K t and K n in Figs. 40 and 41 is legit¬ 
imate only when E t is induced by a flux of the same density dis¬ 
tribution as K n1 and t his is the reason for representing the trans¬ 
verse reaction as duo to fid it ions poles of the same shape as the real 
poles. Therefore, for the purposes of computation, the flux dis¬ 
tribution, produced by the actual distorting ampere-turns on the 
armature, is resolved into a distribution of the same form as that 
produced by the main polos and into higher harmonics. Thcm.m.f. 
M t is calculated so as to produce the first distribution only. This 
fundamental curve is not sinusoidal, but will have a shape depend¬ 
ing on the shape of the pole shoos. The effect of the sinusoidal 
higher harmonics on the value of lit is disregarded, or it can be 
taken into account by correcting the value of the coefficient in 
formula (HI) from the results of tests. 

The first harmonic of the armature distortion in.mi. is M sin x , 
because this m.m.f. reaches its maximum between the real poles; 
x is measured as before from the centers of the real poles. The 
permeance of the active layer, with reference, to the real poles, can 
be represented as before by (pf(x). The flux density produced by 
the transverse reaction of the armature at a point defined by the 
abscissa x is therefore proportional to M sin x 6>f(x). The per¬ 
meance of the active 1 layer with reference to the fictitious poles is 
(Pf(x I Jar). The flux density under the fictitious poles follows 
therefore 1 the* law + Jar). As is explained before, the two 

distributions of the* flux density differ widely from one another, 
and the* real distrilmtion is resolved into the fictitious distribution, 
and higher sinusoidal harmonies; the prominent third harmonic is 
clearly ween in Fig. 39. Thus, we have, omitting <P, 

M sin xfix) Mtf{x + fa) + A% sin Zx+A& sin etc. (91) 
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In order to determine M if the usual method is to mulitply both 
sides of this equation by sin x and integrate between 0 and re, 
because then all upper harmonics give terms equal to zero. In 
this particular case the limits of integration can be narrowed down 
to 0 and because the symmetry of the curve is such that the 
segment between 0 and \n is similar to all the rest. Thus, we 
get 

Af J^sin 2 xf(x)dx J" 4 *sin xf(x-\~§7t)dx. . (92) 

From this equation the ratio M t /M can be calculated by the 
methods shown in Art. 50, i.e., by assuming reasonable forms of 
the function f{x). Taking again fix) =cos 2 x and integrating eq. 
(92) we get =%M t} from which M t /M =0.295. Taking the 
other extreme case, viz., f(x) =1 from x =0 to x~6, and f{x) =0 
from x =6 to x==i|7r, gives, after integration 

M t /M — {^0sin 20}/sin0. ..... (93) 

For 0=O.6(£7r), M t /M- 0.29; for 0=0.7^), Mt/M- Q.39A It 
will be noted that the cross-magnetizing action of the armature 
increases considerably with the increasing ratio of pole-arc to polo- 
pitch, while the direct reaction slowly diminishes with the increase 
of this ratio. In machines intended primarily for lighting pur¬ 
poses it is advisable to use a rather small ratio of pole-arc to pole- 
pitch, in order to reduce transverse reaction which affects the volt¬ 
age regulation at high values of power-factor in particular. 

Prob. 27. What is the value of M t /M for the form of f{x) given in 
problem 24; namely, for fix) = 2 cos 2 a-cos 4 s? Ans. 0.368. 

Prob. 28. Determine the numerical value of the coefficient in formula 
(81) for the machine used in problem 26. 

1 These values are higher than those derived by E. Arnold. The fact 
that Arnold’s values for the coefficient of transversal reaction are low has 
been pointed out by Sumec in Elektrotechnik und Masckinenha^ 1906, p. 
67; also by J. A. Schouten, in his article “ Ueber den Spannungsabfall mehr- 
phasiger synchroner Maschinen, "Elektrotechnische ZeiUchrift , Yol. 31 (1910), 
p. 877. 
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ARMATURE REACTION IN DIRECT-CURRENT 
MACHINES 

62. The Direct and Transverse Armature Reactions. Let 

Fig. 42 represent the developed cross-section of a part of a direct- 
current machine, either a generator or a motor. For the sake of 
simplicity the brushes are shown making contact directly with the 
armature conductors, omitting the commutator. Electrically 
this is equvialent to the actual conditions, because the commutator 
segments are soldered to the end-connections of the same conduc¬ 
tors. The brushes are shifted by a distance 8 from the geometrical 
neutral, to insure a satisfactory commutation; d being expressed 
in centimeters, measured along the armature periphery, the same 
as the pole-pitch r. 

The actual armature conductors and currents are replaced, for 
each pole-pitch, by a current sheet, or belt, of the same strength. 
Let, for instance, the pole-pitch be 40 cm., and let the machine 
have 120 armature conductors per pole. If the current per con¬ 
ductor is 100 amp., the total number of ampere-conductors per 
pole is 12,000; the total current of the equivalent belt, which con¬ 
sists of one wide conductor, must be 12,000 amp., or 300 amp. per 
linear cm. of the pole-pitch. The latter value, or the number of 
armature ampere-conductors per centimeter of periphery, is some¬ 
times called the specific electric loading of the machine. The mag¬ 
netic action of the equvialent current sheet on the magnetic flux of 
the machine is practically the same as that of the actual armature 
conductors, because in a direct-current machine the slots are com¬ 
paratively numerous and small. The current in the cross-hatched 
belts is supposed to flow from the reader into the paper, and the cur¬ 
rent in the belts marked with dots—toward the reader. With the 
directions of the flux and of the current shown in the figure, the 
directions of rotation of the machine when working as a generator 
and as a motor are those shown by the arrow-heads (see Art. 24). 
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The polarit.y of the brushes cannot be indicated without knowing 
the actual connections in the winding. if is preteruhle, therefore, 
for our purposes to designate the brmhr> as /*, ami tl (east and 
west), according to their position with respect to the pules of the 
machine, the observer looking from the cniiiiuutat.tr side. The 
whole* interpolar regions to tin* right u| t lie m*i t h polos can be culled 
the eastern regions, those to the let! the western regions; the same 
notation can he also applied to the mmmufating poles. 

The armature currents exert a two told action upon the main 
field of the machine: they partly dhtutf it. and parfh weaken it. 
For the purposes of theon and calculation it is cunxenient to 
separate those two actions, the same as in the case of the synchro- 



Fig. 42. The direct ami transverse tvrnmture react ions in a 
direct current tiiurlnne 


nous machine in the preceding chapter. In the sheets of current 
be divided into parts denoted by the letters l) nttd T with sub¬ 
scripts corresponding to their locution with reference to the poles 
and brushes. Tin* belts denoted by /> are comprised within the 
space 8, on nidi side of the geometrical neutrals; those denoted 
by T are (Jr ~d) centimeters wide. 

The belts 1) exert n direct dnmuihvlizimj art ion upon the poles. 
Namely, the belts I) n 1) H cun be considered us two sides of u mil the 
axis of which is along the center line f W. The mjn.L of this 
coil opposes that of the field coil on the north pole. In the same 
way, the m.mi, of the ecu! t>J>» opposes the action of the field coil 
on the south pole. The foregoing is true no mutter what the 
actual connections of the armature conductors are, provided that 
the winding-pitch is nearly KM) j»er rent. With a fractional-pitch 
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winding the currents within (Midi 1) belt flow partly in the opposite 
directions and neutralize (Midi other’s action. 

Let the specific electric, loading of the machine, as defined 
above, be (A('). d hen, wit h a full-pitch winding, the demagnetiz¬ 
ing ampere-turns pen* pole air 1 

Mi .( 94 ) 

The belts T/l\ const itute together a coil the center of which is 
along the axis () r ()/; the adjacent, belts T W T W form a coil with its 
axis along O w O w f . The m.m.f. distribution of these coils is indi¬ 
cated by the broken line ABC, which shows that the T belts pro¬ 
duce a (ranaverse armature reaction. The line ABC is also the 
curve of the flux density distribution which would be produced by 
the transversal reaction alone, if the active layer of the machine 
were the same throughout (non-salient poles). On account of a 
much higher reluctance of the paths in the intorpolar regions the 
flux density there is much lower, and is shown by the dotted lines. 
The actual distribution of the field in a loaded machine is obtained 
considering from point to point the field and armature m.m.fs. 
acting upon the individual magnetic paths. 

The transverse reaction opposes the field m.m.f. under one-half 
of each polo and assists it under the other half, so that the main 
field is distorted. In a generator the field is shifted in the direc¬ 
tion of rotation, in a motor it is crowded against the direction of 
rotation of the armature. This is the same as what happens in 
synchronous machines, when the armature is revolving and the 
poles are stationary (see Fig, 30). 

The brushes must be shifted in the same direction in which the 
flux is shifted, because the magnetic neutral is displaced with 
respect to the geometric neutral. Usually, the brushes are shifted 
beyond the magnetic neutral, in order to obtain a proper flux den¬ 
sity feu* commutation. Namely, to assist the reversal of the cur¬ 
rent in the conductors which arc 1 short-circuited by the brushes, 
these conductors must be brought into the fringe of a field of such 
a direction ns assists the commutation. In the case of a gener¬ 
ator this means the field under the influence of which the conduc- 

1 The effect of the coils short-circuited under the brushes is not considered 
separately, for the sake of simplicity. For an analysis of the reaction of the 
short~eircuited coils upon the field see E. Arnold, Dis GMchtrommaschine t 
YoL X (1906), Chap, 21b 
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tors come after the commutation. In a motor the armature cur¬ 
rent flows against the induced e.m.f.; it is therefore the field which 
cuts the conductors before the commutation that assists the rever¬ 
sal of the current. This explains the direction of the shift of the 
brushes in the two cases. The student should make this clear to 
himself by considering in detail the directions of the currents and 
of the induced voltages in a particular case. 

The maximum m.m.f. per pole produced by the distorting 
belts is equal to (AC) (^v-d), but since this m.m.f. acts along the 
interpolar space of high reluctance its effect is not large (except in 
machines with commutating poles). Of much more importance 
is the action of the distorting belts under the main poles. At each 
pole-tip the armature m.m.f. is 


M 2 = (AC)-iw, .(95) 

where w is the width of the pole shoe. This m.m.f. decreases 
according to the straight line law to the center of each pole and 
is of opposite signs at the two tips of the same pole. 

Prob. 1. Determine the polarity of the brushes in Fig. 42 for a 
progressive and a retrogressive winding, in the case of a generator and 
of a motor. 

Prob. 2. Indicate the Dand the T belts in a fractional-pitch winding 
(a) with the brushes in the geometric neutral, and (b) with the brushes 
shifted by d. 

Prob. 3. A 500 kw., 230 volt, 10 pole, direct-current machine has 
a full-pitch multiple winding placed in 165 slots. There are 8 con¬ 
ductors per slot, and two turns per commutator segment. What are 
the demagnetizing ampere-turns per pole when the brushes arc shifted 
by 4 commutator segments? Ana. 3478. 

Prob. 4. What is the amplitude of the broken line ABC in the 
preceding machine? Ans, 10860 amp-turns. 

Prob. 5. For a given machine, draw the curves of the flux density 
distribution under a pole, at no-load and at full load, by considering 
the m.m.fs. acting upon the individual paths, and the reluctance of the 
paths. 1 


53. The Calculation of the Field Ampere-turns in a Direct- 
current Machine under Load. The net ampere-turns per pole are 
determined from the no-load saturation curve of the machine for 

x For details and examples of such curves see Pichelmayer, Dynamobau 
(1908), p. 176; Parshall and Hobart, Electric Machine Design (1906), p. 159; 
Arnold, Die GMchstrommachine, Vol. 1 (1906), p. 324. 
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Mu‘ necessary induct'd voltage. In a generator the induced voltage 
in equal to the specified terminal voltage plus the internal ir drop 
in tint machine. In a motor the induced voltage is leas tlmn the 
line voltage l>y the amount of the internal voltage drop. The 
actual ampere-!urns to be provided on the held poles are larger 
than the net excitation by the amount necessary for the compensa¬ 
tion of (he armature react ion. 

The direct reaction is compensated for by adding to each field 
coil the ampere-turns given by eq. (<M). For instance, in 
prob. 6 above, :M70 ampere-tunm per pole must be added to the 
required net excitation, in order to compensate, for the effect of the 
direct armature reaction. The necessary shift of the brushes is 
only roughly estimated from one’s experience with previously 
built machines, though it could be determined more accurately 
from the distribution of flux density in the pole-tip fringe. The 
poles usually cover not over 70 per cent of the armature periphery, 
so that t he distance bet.ween the geometric neutral and the pole- 
tip is about lf» per cent of the pole pitch. In preliminary esti¬ 
mates, the brush shift may be taken to be about 10 per cent of the 
pole pitch; this brings the brushes not quite to the pole-tips 
though well within their fringe. In actual operation a smaller 
shift may be expected. In machines provided with commutating 
poles, and in motors intended for rotation in both directions, the 
brushes are usually in t he geometric neutral, so that the demag¬ 
netizing action is zero. 

In a machine wit h a low saturation in the teeth and in the pole- 
tips, the cross-magnetizing m.m.f. of the armature does not affect 
the magnitude of the total flux per pole, because the flux is 
increased on one-half of the pole as much as it is reduced on the 
other half. It is shown in Art. 61 that the. induced c.m.f. of a 
direct-current machine is independent of the flux distribution, 
provided that the total flux is the same, so that no extra field 
ampere-turns are necessary in such a machine to compensate for 
the distort ion of the flux. 

However, the teeth and the pole-tips arc usually saturated to 
a considerable extent, so that the flux is increased on one side of 
the pole less t lmn it is reduced on the other side. Thus, the useful 
flux is not only distorted by the transverse armature reaction, but 
is also weakened. This latter effect has to be counterbalanced by 
additional ampere-turns on the field poles. In most cases these 
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additional ampere-turns are estimated empirically, on the basis 
of one’s previous experience, Iieeause the amount is not large, and 
a correct computation is rather tedious. 1 

The theoretical relation between the distorting ampere-turns 
and the fieldampere-t urns required for t heir compensation is shown 
in Fig.*18. IetfhY represent the no-load saturation curve of the 
machine for its active layer only, that is, for the air gap, the teeth, 
and the pole shoe, if the latter is sufficiently saturated. The 
ordinates represent, the induced e.m.f. between the brushes, or, to 
another scale, the useful flux jht pole; the abscissa- give (be corre¬ 
sponding values of the field anijM-n-turns jut pole, disregarding 
the reluctance of the field poles, field yoke, and armature core. 



Fiu. 43.—A construction for determining the field rn.m.f. needed for the 
compensation of the transverse reaction. 

In other words, tho abscissa* give the values of the difference of 
magnetic potential across the active layer of the machine, at no 
load. It is proper to consider here the m.m.fs. across the active 
layer only, because the distorting action of the armature extends 
only over this layer. No matter how irregular the flux distribu¬ 
tion in the air-gap and in the teeth may l*e, the flux density in the 
pole cores and in the yoke is practically uniform (compart* Fig. 36). 

1 For Hobart’s empirical cum* for estimating tits field excitation required 
for overcoming the armature distortion see the Mkmdard Handbook, under 
* Generators, dlrect-curre ampere-turn*, estimate.” 
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For the Hake of simplicity, we replace the actual pole shoe by 
an equivalent, one, without chamfer, of rectangular shape, and 
with a negligible pole-tip fringing. The ordinates of the curve OX 
represent to another scale the average flux density on the surface 
of the pole shot', because this density is proportional to the total 
useful (lux, or to the induced voltage. Lot ab be the flux density 
corresponding to the required induced c.m.f., and let Oa—M be 
the necessary net ni.m.f., without the transverse reaction. Let ac 
and nd represent the distorting ampere-turns, M 2 , at the pole-tips, 
as given by cq. (9f>); then Or and Od are the resultant m.m.fs. at 
the pole-tips. The (lux density at the pole-tips of the loaded 
machine is then equal to eg and dh respectively. 

Since the distorting ampere-turns vary directly as the distance 
from the center of the pole, and the area of strips of equal width 
is the same, the abscisses from a represent to scale either distances 
along the pole fact 4 , or areas on the pole face, measured from the 
center of the polo. Thus, the part gh of the curve OX represents 
also the distribution of the flux density under the pole, in the 
loaded machine. Likewise, the line ef represents the distribution 
of the flux density under the pole at no-load. 

Since the ordinates represent to scale the flux densities and the 
abscissa', the areas of the different parts under the poles, the area 
under the 4 flux density distribution curve also represents to scale 
the total (lux per pole. The total flux at no load is represented by 
the 4 area of t he reuctanglo ctftl, and to the same scale, the flux in the 
loaded machine is represented by the area cghd. If the saturation 
curve were a straight line, the two areas would be equal, so that 
the distortion would not modify the value of the total flux per pole. 
In reality* the area gib is larger than the area bhf, and the differ¬ 
ence between the two represents the reduction in the flux, due to 
the transverse armature reaction. 

lx*t now the field excitation be increased by an unknown amount 
an' to the value in order to compensate for the above 

explained decrease in the flux. All the points in Fig. 43 are shifted 
by the same amount, and are denoted by the same letters with the 
sign “ prime.” The new flux in the loaded machine is represented 
by the area c'g'h'd', the point a ' being the center of the line c'd' ~*cd. 
If the point o' has been properly selected we must have the con¬ 
dition that the 


area cefd -area c'g'h'd’, 


. (96) 
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that is, the flux corresponding to the excitation Oa at no-load is 
the same as the flux corresponding to the excitation Oa! when the 
machine is loaded. The problem is then, knowing the point a and 
the distance educ'd' to find the point a f such that equation (96) 
is satisfied. The two areas have the common part c'g'bfd, and 
the parts cede* and dff'd' are equal to each other. Therefore, 
eq. (96) is satisfied if the 

area be'g ' —area bf'h' .(97) 

The position of the point a f is found either by trials, or as the 
intersection of the curves rr f and ss'; the ordinates of the curve rr' 
represent the area be'g' for various assumed positions of the point 
a', and the ordinates of the curve ss' represent the corresponding 
values of the area bfh'. 

Thus, the total field ampere-turns required for a direct-current 
generator under load are found as follows: (a) To the specified 
terminal voltage add the voltage drop in the armature, under the 
brushes, and in the windings (if any) which are in series with the 
armature, viz.; the series field winding, the compensating winding, 
and the interpole winding. This will give the induced voltage E. 
( b ) From the no-load saturation curve find the excitation corre¬ 
sponding to E. ( c) Estimate the amount of the brush shift (if 
any) and calculate the corresponding demagnetizing ampere-turns 
according to eq. (94). id) Determine the ampere-turns aa' (Fig. 43) 
required for the compensation of the armature distortion, (e) 
Add the ampere-turns calculated under (6), (c) and (d). In the 
case of a motor subtract the voltage drop in the machine from 
the terminal voltage, to find the induced e.m.f. E, but otherwise 
proceed as before. 

If the machine is shunt-wound or series-wound, the field wind¬ 
ing is designed so as to provide the necessary maximum number of 
ampere-turns at a required margin in the field rheostat for the 
specified voltage or speed variations. When the machine is com¬ 
pound wound, the shunt winding alone must supply the required 
number of ampere-turns at no-load. The series ampere-turns is, 
then, the difference between the total m.m.f. required at full-load 
and that supplied by the shunt-field. When a generator is over¬ 
compounded, the shunt excitation is larger at full load than it is at 
no load, and allowance must be made for this fact. 
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In the case of a variable-speed motor, the problem of predict¬ 
ing the exact speed at. a given load can be solved by successive 
approximations only, hirst, this speed is determined neglecting 
the transverse armature, reaction altogether, or assigning to it a 
reasonable value. Then, the construction shown in Eig. 43 is 
performed for a few speeds near the approximate value, and thus 
a more correct value of the speed is found by trials. Or else 
different values of speed are assumed first, and the corresponding 
values of the armature current are found for cadi speed. These 
armat ure current s must be such that, considering the total arma¬ 
ture reaction, the field rtun.f. is just sufficient to produce the 
required eounter-o.m.f. in the armature. The details of the solu¬ 
tion are left to the student to investigate. He must clearly 
understand t hat the problem can be solved only for a given or an 
assumed speed, because of the necessity of using the active layer 
characteristic OX (Fig. 43). 

Prob. 6. In a direct-current machine it is desired to have at full 
load a flux density of not less than 3500 maxwells per sq.cm, at the 
polo-tip at which the commutation takes place; the m.m.f. across the 
active layer is 75(H) nmp.-turns, the air-gap is 11 mm., the air-gap 
factor 1.25. The ratio of the ideal pole width to the pole pitch is 6.7. 
What, are the permissible ampere-turns on the armature, per pole? 
Solution: The net m.m.f. across the active layers at the pole-tip under 
ronsu lernt ion is 3500 X 0.8 X l .1 XI .25 ** 3850 amp .-turns. Hence 

- JUO X0.7r-75(H)-3850-3050. Ann. i(dC)r«520O. 

Prob. 7. The specific electric loading in a direct-current machine 
is 250 amp.-eonduetorK per centimeter; the average flux density on 
the pole-face is 8.5 kl. per sq. cm,, at no load and at the rated full load 
terminal voltage; the width of the equivalent ideal pole is 32 cm. The 
estimated internal voltage drop at full load is about 5 per cent of the 
terminal voltage, Calculate the ampere-turns per polo required to 
compensate for the transverse armature reaction; the active layer 
characteristic (Fig. 43) is as follows: 

M 4 5 0 7 8 9 11 13 kilo ampere-turns; 

H -5,40 0.75 7.75 8.50 8.90 9.20 9.55 9.78 kl. persq. cm. 

Ans. 950. 

Prob. S. For the preceding machine, calculate the total required 
excitation at full load, per pole; the brush shift is 8 per cent of the 
pole-pitch; the pole-pitch r-40 era.; 2000 ampere-turns are required 
for the parts of the machine outside the active layer. 

Ans. 12,000 amp .-turns. 

Prob. 9. A shunt-wound motor is designed so as to operate at a 
certain speed at full load. Show how to predict its speed at no-load. 
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Prob. 10. Show how, in u rompnuml-wmmtl motor, the total 
required field excitation must he divided bet ween the shunt and scries 
windings in order to obtain a prescribed speed regulation lad ween no- 
load and full load. 

Prob. 11. Assume the curve OX in Fig. 43 to l*e given in the form 
of an analytic equation, H JkM b Show that the unknown rxritiitioii 
()a f = M f is determined by the equation 2 Mm M j - F\ M* \ 5/p 
F(M' — M 2 ), where the function F in Mirh that *IF\ M i, */,!/ -j\M ); 
M 0 ** (hi is the excitation corresponding to the ghen \ uhn* of r or H - ah, 

Prob. 12. Apply the formula id" the preceding problem If* the tat ,ho 
when the active layer characteristic can In* represented by (el the log¬ 
arithmic curve if - a log (l I hx ); p#l the hyperbola t/i f /t; (r) a 

part of the parabola (f -2 p(x Ad, continued as n tangent straight 

line passing through the origin. 

54. Commutating Poles and Compensating Windings. Tin* 
two limiting factors in proportioning u direct’current machine are, 
first, the sparking under the brushes, amt acmmiiy, the armature 
reaction. In order to reverse a considerable armature eurrent 
in a coil during the short interval of time that the coil is under a 
brush, an external field of a proj>er direct ton mill magnitude is 
necessary. In ordinary machines (Fig. 421 this field m obtained 
by shifting the brushes so as to bring the short circuited armature 
conductors under a pole fringe. However, with flits method the 
specific electric loading and the armature iui!|Huv»tunis must Ik* 
kept below a certain limit with reference to the ntiif>eredurnH on 
the field; otherwise the armature reaction would weaken the field 
to such an extent as to reduce the flux density in the fringe f«»tmv 
the required value. Therefore, in many modern machines, instead 
of moving the brushes to the poles, purl of the poles, so to say, am 
brought to the brushes (Fig. 44), Them* additional poles are 
called commuUtiituj palm or inlrrpalm, Their polarity is under¬ 
stood with reference to Fig. 42: Hinre the H brush had to be shifted 
toward the north pole, now a north interpole m placed over each K 
brush. 

The armature belts T # , create a strung tn.ini, along the axis 
of the commutating pole N n in the wrong direction. Therefore, 
the winding on each interpole must la* provided first with a num¬ 
ber of ampere-turns equal and opposite to that of the armature, 
and secondly with enough additional amjMW»t tints to establish 
the required commutating flux. These Additional iiinjs*re-ttmis 
are calculated only for the air-gap, armature teeth, and the pole 
body itself. The nunX required for the armature core and the 
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yoke of the machine is negligible, because the commutating flux ia 
small as compared with the main flux and is displaced with respect 
to it by ninety electrical degrees. The winding on the interpoles 
is connected in series with the main circuit of the machine, because 
the armature m.m.f. is proportional to the armature current, and 
also because the density of the reversing field must be proportional 
to the current undergoing commutation. 

The flux density under the interpoles is determined from the 
condition that the e.m.f. induced in the armature conductors by 
the commutating flux be (‘(pud and opposite to the e.m.f. due to 
the inductance of the armature coils undergoing commutation. 
For practical purposes, the inductance can be only roughly esti¬ 
mated (see Art. OR below), but on the other hand an accurate cal- 



Phi. 4-1.—Interpoles and a compensating winding in a diroct-curront machine. 


eulation is not necessary, because the number of ampere-turns on 
t he interpole is easily adjusted by a shunt around its winding, as 
in the ease of a series winding on the main poles. Or else the 
commutating flux can be increased by “ shimming up ” the 
interpoles. The m.m.f. required for establishing a required 
commutating flux is calculated in the same manner as in the case 
of the main flux, viz., the‘saturation curves (Figs. 2 and 3) are 
used for the pole body and the teeth, while the reluctance of the 
air-gap is estimated as is explained in Arts. 36 and 37. The 
commutating polos must be of such a width that all the coils 
undergoing commutation are under their influence. 

A comparatively large leakage factor, say between 1.4 and 1.5, 
or over, is usually assumed for the commutating poles, on account 
of the proximity of the main poles. It is advisable to concentrate 
the winding near the tip of the interpole, in order to reduce the 
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magnetic leakage* The leakage factor of the main poles i« a j 80 
somewhat increased by the procure of the intrrpules; this in one 
of their disadvantages. Home other disadvantage* me: the V en- 
tilation of the field coils is mure difficult, und n smaller ratio of 
pole arc to pole pitch must U* uml, However, the advantages 
gained by the une of commutating poles are such that their uae 
is rapidly becoming universal. 

The interpuli* winding removes the effect of the transverse 
belts T, T, in the commutating zone, but ditea not neutralize their 
distorting efTeet under tin* main poles. Hence, the dial ml ion and 
its accompanying reduction of the main f!u\ ate practically the 
same as without the interpole*. To remove this distortion a 
penmting winding (Fig, -Mb connected in *erie* with the main Hr* 
cuit of the machine, is sometimes placed on the main pules. The 
connections are such that the rom]>eu*utiug winding opposes the 
magnetising action of the urniahtre winding, fly properly select¬ 
ing the specific eleetrie loading of the compensating winding the 
transverse armature reaction under the poles nm be removed, 
either completely or in part. This winding \uo in vented inde¬ 
pendently by IMri in Knrope and by Professor il, J, I him in this 
country; on account of its expense, it m used in rare eases 
only. 

When a compensating winding is used m addition to the inter- 
poles, the number of *un|N*nMurns on Hie ttifn pules in conaider- 
ably reduced, because the efitiijnuisiiltnic winding can be made to 
neutralize the larger portion or all of the armature reaction. In 
such a machine a much higher ajxwifir loading run be allowed than 
in an ordinary machine of the same dimensions. Therefore, such 
compensated machines are particularly well adapted for rapidly 
fluctuating loads, and for sudden overloads or reversals of rotation 
in the ease of a motor. 

Prob. 13. T 1 rom the following data determine the nftipervMitnui 
required on each commutating pile of a lurlwegimwitor; The com¬ 
mutating poles are made of cast steel ; the average ttnv density on 
the face of the Interpole is fMMMI maxwell* per nsj.rin,; the jade-fart? 
area 250 sq.cm,; the pole HMI mpriit.; the radial length 

of tho interpole 27 cm ; the leakage factor, 1,5, The air gap rehictanee 
is 2.7 millircls, the true tooth density 2tt ktioitifcit per m\ rm ( ttit* height 
of the tooth 4.5 cm., and the armaUm* ampere-torsi* jmr |»ile U50C), 

- * ^ , Ana, A taut 15,300, 

Prob* 14* The rated current of the machine in the prermllng problem 
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is 1200 amp., and in addition to tho interpolos the machine is to be 
provided with a compensating winding. Show that each interpole 
should have at least. <S turns, and each main pole bo provided with 10 
bars for the compensating winding, in order to neutralize the armature 
distortion under tho main poles and provide the proper commutating 
field. Assume a ratio of pole are. to pole pitch of about GO per cent. 

Prob. 16. Machines provided with interpoles are very sensitive 
ns to their brush position. By shifting the brushes even slightly from 
the geometrical neutral the terminal voltage of such a generator can be 
varied to a considerable extent.. In the ease of a motor the speed can 
be regulated by this method, without adjusting the lield rheostat. Give 
an explanation of this “ compounding” effect of the brush shift. 

56. Armature Reaction in a Rotary Converter. The actual 
currents of irregular form which How in the armature winding of a 
rotary converter may Reconsidered as the resultants of the direct 
current taken from the machine and of tho alternating currents 
taken in by tho machine. The resultant magnetizing action upon 
the field is the same us if thm> two kinds of currents were flowing 
through two separate windings. Therefore, the armature reaction 
in a rotary converter can he calculated by properly combining the 
armature reactions of a synchronous motor and of a direct-current 
generator. 

The alternating-current, input into a rotary converter may be 
either at a power factor of unity, if the field excitation is properly 
adjust(‘(1, or the input, may have a lagging or a loading component, 
the same as in the ease of a synchronous motor. The armature 
reaction due to the energy component of the input consists chiefly 
in the distortion of the field, agtdnxt the direction of rotation of the 
armature. But tin* action of tho direct, current is to distort the 
field in the direction of rotation, and since the two m.m.fs. arc not 
much different from one another, the resultant transverse arma¬ 
ture react ion is very small. The direct reaction of tho direct cur¬ 
rent depends upon the position of the brushes, and the direct 
reaction due to the alternating currents is determined by the 
reactive component of the input, which component may vary 
within wide limits. Thus, the resultant direct reaction of a rotary 
converter may be adjusted to almost any desired value. 

The ohmic drop in the armature of a rotary converter has a 
different expression than in either a direct-current or a synchro¬ 
nous machine, because the Pr loss must be calculated for the actual 
shape of the superimposed currents. Rotary converters are some- 
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timon provided with intorpoles, in ordrr fimprove* th«* ronmm~ 
tation and to use a higher sperilie fleetiir loading. 1 

1 E'er further detniln in regard to ihr urnmitirr rvartnm in a rebury acm- 
vertar hoc Arnold, WcchMxtrtwittchmk, V«»|, I it'Hilj, ( hap, l*H; Eichal- 
mayor, Dynamabau (IIHISI, p, StamUtnl !tan*lh,%nk i im| r \ tinder •* (\ n)r 
verier, HynchronouH, effective armature rmminnt* 1 ", fNrdmll A ICtilmri 
Electric Machine Dchujh (ItKlO) p, A77 ; Eaiiimr and NewImry, IuterptileH in 
SynchronouH ('onvertero, Tmm, Amrr hint EUch . /.*»a«/n, , Yol, 3 {Hilo) 
p. 1025. ‘ 



CHAPTER X 


ELECTROMAGNETIC ENERGY AND INDUCTANCE 

66. The Energy Stored in an Electromagnetic Field. Experi¬ 
ment .shows that no supply of energy is required to maintain a 
eonstant magnetic field. The power input into the exciting coil or 
(‘oils is in t his east* exactly equal to that converted into the Pr heat 
in the conductors, and this power is the same whether a magnetic 
field is produced or not. Another familiar example is that of a 
permanent magnet, whieh maintains a magnetic field without any 
supply of energy from the outside, and apparently without any 
decrease in its internal energy. Nevertheless, every magnetic field 
has a certain amount, of energy stored within it, though in a form 
yet unknown. This is proved by the fact that an expenditure of 
energy is required to increase the field, and, on the other hand, 
when the flux is reduced, some energy is returned into the 
exciting electric circuit. 

The conversion of electric into magnetic energy and vice 
vtrxa is accomplished through the e.m.f. induced by the vary¬ 
ing flux. I/(*t a magnetic flux be excited by a coil CC (Fig. 45) 
supplied with current from a source of constant voltage E, and let 
there be* a rheostat r in series with the coil. Let part; of the resist¬ 
ance in the rheostat be suddenly cut out in order to increase the 
current in the eoil. It will be found that the current rises to its 
final value not instantly; namely, when the current increases, the 
flux also increases, and in so doing it induces in the electric circuit 
an e.m.f., say r, which tends to oppose the current. This e, 
together with tin* iR drop, balances the voltage E, so that for a 
time the* power Ei supplied by the source is larger than the power 
PR lost in the total resistance of the circuit. The difference, 
Ei - PR, is stored in the magnetic field created by the coil and by 
the other parts of the circuit. The energy eidt supplied by the 
electric circuit during the element of time dt is converted into the 
magnetic energy of the field, by the law of the conservation of 
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energy, while the amount (E ~e)idt=i 2 Rdt is converted into 
heat. 

If now the same resistance is suddenly introduced into 
the circuit, the current gradually returns to its former value, and 
during this variable period the i 2 R loss is larger than the power Ei 
supplied by the source. The applied voltage is in this case assisted 
by the voltage e induced by the decreasing field, the e.m.f. e sup¬ 
plying part of the i 2 R loss. 

To make the matter more concrete let the source of electric 
energy be a constant-voltage, direct-current generator, driven by 



Fig. 45.—The magnetic field produced by a coil, showing complete and 

partial linkages. 

a steam turbine. Let the load consist of coils of variable resist¬ 
ance R , and let the coils produce a considerable magnetic field. 
As long as the load current is constant, the rate of the steam con¬ 
sumption is determined by the i 2 R loss in the circuit. < When the 
current increases, the steam is consumed at each instant at a 
higher rate than it would be with a constant current of the same 
instantaneous value. The energy of steam is thus partly stored 
in the magnetic field of the coils. When the current is returned 
to its former value, the steam consumption during the transitional 
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period is lens than that, which corresponds to the % 2 H loss in the 
circuit, ho that practically the name amount of steam is saved 
which was expended before in increasing the magnetic field. 

These phenomena may be explained, or at least expressed in 
more familiar terms, by assuming the magnetic field to be due to 
some kind of motion in a medium possessed of inertia (Art. 3). 
When the field strength is increased it becomes necessary to accel¬ 
erate the parts in motion, overcoming their inertia. When the 
field in reduced, the kinetic energy of motion is returned to the 
electric circuit. One can also conceive of the energy of the mag¬ 
netic field to be static and in the form of some elastic stress. 
Under this hypothesis, when a current increases, the magnetic 
stress also increases at the expense of the electric energy. In 
cither cast 1 , when the current is constant no energy is required 
to maintain the field, any more than to maintain a constant rota¬ 
tion in a fly-wheel or a constant stress in an elastic body. 

It seems the more probable that the magnetic energy of a 
circuit is stored in some kinetic form, because the current which 
accompanies the flux is itself u kinetic phenomenon. On the other 
hand, it appears more likely that electrostatic energy is due to some 
elastic, stresses and displacements in the medium, and thus it 
may be said to be potential energy. Electric oscillations and 
waves consist, then, in periodic transformations of electrostatic into 
electromagnetic energy, or potential into kinetic energy, and vice 
verm, similar to the mechanical oscillations and waves in an 
elastic body. In the familiar case of current or voltage resonance 
the total energy of the circuit at a certain instant is stored in the 
form of electrostatic energy in the condenser (permittor) con¬ 
nected into the circuit, or in the natural permittance of the circuit;- 
the current and the magnetic energy at this instant are equal 
to zero. At another instant, when the current and the magnetic 
field are at their maximum, the energy stored is all in the form 
of magnetic energy, and the voltage across the condenser and 
the stress in the dielectric are equal to zero. An oscillating 
pendulum offers a close analogy to such a system. The resistance 
of the electric circuit, and the magnetic and dielectric hysteresis, 
are analogous to the friction and windage which accompanies 
the motion of the pendulum. 

As it is of importance in mechanical machine design to know 

the inertia of the moving parts of a machine, so it is often necessary 
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in the design and operation of electrical apparatus and circuits to 
know the amount of energy stored in the magnetic field, or the 
electro-magnetic inertia. This inertia modifies the current and 
voltage relations in the electric circuit in somewhat the same way 
in which the inertia of the reciprocating parts in an engine modi¬ 
fies the useful effort. In mechanical design a revolving part is 
characterized by its moment of inertia from which the stored 
energy can be calculated for any desired speed. So in electrical 
engineering a circuit or an apparatus is characterized by its electro¬ 
magnetic inertia or inductance, from which it is possible to calculate 
the magnetic energy stored in it at any desired value of the cur¬ 
rent. In this and in the two next chapters expressions are deduced 
for the inductance of some of the principal types of apparatus 
used in electrical engineering. 

Prob. 1. A stationary electromagnet attracts and lifts its armature 
with a weight attached to it. Explain how the energy necessary for 
the lifting of the weight is supplied by the electric circuit. 

Prob. 2. A direct-current generator driven by a water-wheel is 
subjected to very large and sudden fluctuations of the load, which 
the governor and the gate mechanism are unable to follow properly. 
A heavy fly-wheel on the generator shaft would improve the operating 
conditions. Would a reactance coil in series with the main circuit 
achieve the same result, if it could be made large enough ? 

Prob. 3. What experimental evidence could be offered to support 
the contention that the energy of an electric circuit is contained in the 
magnetic field linked with the current, and not in the current itself ? 
The flow of current is usually compared to that of water in a pipe; 
is not all the kinetic energy stored in the moving water itself and not 
in the surrounding medium, and if so, is a current of electricity really 
like a current of water ? 

Prob. 4. Describe in detail current and voltage resonance 1 and 
free electrical oscillations, from the point of view of the periodic conversion 
of electromagnetic into electrostatic energy and vice versa, taking account 
of the dissipation of energy in the resistance of the circuit. 

57. Electromagnetic Energy Expressed through the Linkages 
of Current and Flux. In order to obtain a general expression for 
the energy stored in the magnetic field of an electric circuit, con¬ 
sider first a single loop of wireaa (Fig. 11) through which a steady 
electric current i is flowing. Let the cross-section of the wire be 
small as compared to the dimensions of the loop, so that the flux 

1 See the author's Experimental Electrical Engineering, Vol. 2, pp. 17 to 25* 
The Electric Circuit , Art. 67. ; 
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Insitthe wire may be disregarded. The electromagnetic energy 
possessed by (he in equal to the electrical energy spent in 
establishing the current i in the loop against the induced c.m.f. 
Jbet i t and ® t be the instantaneous values of the current in 
amperes and the flux in webers at a moment, /.during the period of 
building up the flux, and let- c t be the instantaneous applied 
voltage, bet. t he flux increase by d<P t during an infinitesimal 
interval <lt; then the electrical energy (in joules) supplied from 
the source of power to the magnetic held is 

dir indl it((Wt’dt)dt~it!A*i, 

where e< ~ d0 t /dt is the instantaneous e.m.f. necessary to apply to 
the loop in order to counterbalance that induced by the changing 
flux. The total energy supplied from the electrical source during 
the period of building up the held to its final value (P is 

W C'itdfit .(98) 

In a medium of constant permeability the integration can be 
easily performed, because the flux is proportional to the current, 
or, according to eq, ( 2 ) in Art. ®t * (Pit, where (P is the permeance 
of the magnetic circuit, in honeys. Eliminating by means of this 
relation either b or ® t from eq, (98) we can obtain any one of the 
billowing three expressions for the electromagnetic energy stored 
in the* loop: 

lb | i ®; ] 

tr J/V; .(99) 

ir w */< p . j 

In the first, form, cap (99) expresses the fact that the magnetic 
energy stored in a loop is equal to one-half the product of the cur¬ 
rent by the flux; in the second form, it shows that the stored 

energy is proportional to the square of the current and to the per¬ 
meance of the magnetic circuit. Both forms are of importance in 
practical applications. 

Take now tin* more general ease of a coil of n turns (Fig. 45); 
Hu* flux which links with a part of the turns is now of a magnitude 
comparable with that of the flux which links with all the turns of 
the coil. We shall consider the complete linkages and the partial 
linkage* separately. Consider first the energy due to the flux 
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which links with all the turns of the coil. The e.m.f. induced in 
the coil by this flux, when the current changes, is e t = — «( d$ t /dt ), 
and the relation between the current and the flux is Qt^&cnit, 
where (P c is the permeance of the path of the complete linkages. 
By repeating the reasoning given above in the case of a single loop 
we find that 

W e =inWc, .(100) 

or 

W c =in% 2 (P c , .(100a) 

where the subcript c signifies that the quantities refer to the com¬ 
plete linkages only (Fig. 45). Two forms only are retained, being 
those that are of the most practical importance. 

The energy of the partial linkages is calculated in a similar 
manner. Let d@ P be a small annular flux (Fig. 45) which links 
with Up turns of the coil, where n p may be an integer or a fraction. 
For these turns the linkage with J0 P is a complete linkage, while 
for the external (■ n—n P ) turns it is no linkage at all and represents 
no energy, because no e.m.f. is induced by d@ P in the turns external 
to it. Thus, the energy due to the flux A0 P) according to eqs. 
(100) and (100a), is equal to in P iJd> P , or to %n P 2 i 2 4(P P . The 
total energy of the partial linkages is the sum of such expressions, 
over the whole flux $ P) or 


W P =iiSn p J(P p , .(101) 

or 

TFp=Ji 2 2ftp 2 J(Pp.(101a) 


The total energy of the coil is 

W=}i[n0 e + 2n p J0 P ], .(102) 

or 

W=ii 2 [n 2 (P c + 2n p 2 A(P P l .... (102a) 

where the first term on the right-hand side refers to the complete 
linkages and the second to the partial linkages of the flux and the 
current. In these expressions the current is in amperes, the fluxes 
in webers, the permeances in henrys, and the energy in joules 
(watt-seconds). If other units are used the corresponding numeri¬ 
cal conversion factors must be introduced. 
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Some new light is thrown upon these relations by using the 
in.iu.f. M instead of the ampere-turns ni. Namely, eqs. (10‘2) and 
(102a) heroine: 

II' A^AT XM,J<P v l .... (103) 
or 

If l[M^P ( . i SAVJtP,]. ■ • • (103a) 

These expressions are analogous to those for the (niergy stored in 
an electrostatic circuit, viz., hk’Q, and kE-C (see The Electric. Cir¬ 
cuit). The m.m.f. .1/,. is analogous to the c.m.f. E; the magnetic 
(lux <P,- is nnalogouH to the electrostatic (lux Q, and the permeance 
d\. is analogous to the permit lance (*. 

We can assume as a fumlamental law of nature the fact that 
wit h a given steady current, the magnetic, field is distributed in such 
a way that the total electromagnetic energy of the system is a 
maximum. All known fields obey this law, and, in addition, it can 
he proved by the higher mathematics. Kq. (102a) shows that this 
law is fulfilled wlum the sum u^T,. | ibi /(P,, is a maximum. When 
the partial linkages are comparatively small, the energy stored is a 
maximum when the permeance d’,. of the paths of the total linkages 
is a maximum. This fact is made use of in the graphical method 
of mapping out a magnetic field, in Art. *11 above. 

Prob. 6. The no-load saturation curve of an 8-polo electric gen¬ 
erator Is » straight line such that when the useful flux is 10 mcgalinca 
per pole the excitation is 72(X) ainp.-turns per pole; the leakage factor 
is 1,2. Show that at this excitation there Is enough energy stored 
in the field to supply a small incandescent lump with power for a few 
minutes. 

Prob, 6. Kxplniti the function and the diagram of connections of 
a (ield-discliarge switch. 

Prob. 7. I *rove that the magnet if energy stored in an apparatus 
containing iron in proportional to tlu* amt between the saturation curve 
and the axis of ordinates. The saturation curve is understood to give 
the total flux plotted against the exciting ampere-turns as abscissa*. 
Hint: See Art, Hi, 

Prob* 8. Deduce expression (102a) directly, by writing down an 
expression for the total Instantaneous e.m.f. induced in a coil (Fig. 45). 

Prob* 9. Explain the reason for which, in the formulae deduced above, 
it k permissible to consider n to be it fractional number, 

58. Inductance a® the Coefficient of Stored Energy, or the 
Electrical Inertia of a Circuit. Kq. (102a) shows that in a mag¬ 
netic circuit of constant permeability the stored energy is proper- 
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tional to the square of the current which excites the field. The 
coefficient of proportionality, which depends only upon the form 
of the circuit and the position of the exciting m.m.f., is defined 
as the inductance of the electric circuit. The older name for 
inductance is the coefficient of self-induction. It is assumed 
here that the magnetic circuit is excited by only one electric cir¬ 
cuit, so that there is no mutual inductance. Thus, by definition 

W = \Li 2 .(104) 

where the inductance is 

L=n 2 (P c +l>n P 2 A(P P , .(105) 

or, replacing the summation by an integration, 

L=n 2 (P c + C n n P 2 d(P P .(106) 

•A) 

Since the permeances in eq. (102a) are expressed in henrys, and 
the numbers of turns are numerics, the inductance L in the defin¬ 
ing eqs. (105), or (106), is also in henrys. If the permeances are 
measured in millihenrys or in perms, the inductance L is measured 
in the same units. As a matter of fact, the henry was originally 
adopted as a unit of inductance, and only later on was applied to 
permeance. 1 

In some cases it is convenient to replace the actual coil (Fig. 45) 
by a fictitious coil of an equal inductance, and of the same number of 
turns, but without partial linkages. Let (P eq be the permeance of 
the complete linkages of this fictitious coil; then, by definition, 
eqs. (105) and (106) become 


L=n 2 (P eq .(106a) 

This expression is used when the permeance of the paths is calcu¬ 
lated from the results of experimental measurements of inductance, 
because in this case it is not possible to separate the partial 
linkages. Use is made of formula (106a) in chapter XII, in cal¬ 
culating the inductance of armature windings. 

1 The use of the henry as a unit of permeance was proposed by Professor 
Giorgi. See Trans. Intern. Elec. Congress at St. Louis (1904), Vol. 1, p. 136. 
The connection between inductance and permeance seems to have been first 
established by Oliver Heaviside; see his Electromagnetic Theory (1894), Vol, 
1, p. 31. 
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The inductance L is related in a simple maimer to the electro- 
no! ive lom* induced in the exeitin# electric circuit when the eur- 
vnt varies in it. Namely, the electric power supplied to the cir- 
*uit or returned from the circuit to the source is equal to the rate 
>f change 1 of the stored energy, so that we have from eq. (104) 

dW/dt /(— <•) Li(di/dt ), 

>r, canceling /, 

c — L {di/dt) 1 .(107) 

The sign minus is used because c is understood to be the induced 
e.m.f. and not that applied at the terminals of the circuit. There¬ 
fore, wlum dW/dt is positive, that is, when the stored energy 
increases wit h t he time, r is induced in the direction opposite to that 
(if tin* How of the current, and hence by convention is considered 
negative. Inductance is sometimes defined by eq. (107), and then 
cqs. (10*1) and (105) an* deduced from it. The definition of L by 
the expression for the electromagnetic energy seems to be a more 
logical one for the purpose* of this treatise, while the other defini¬ 
tion in terms of tin* induced e.m.f. is proper from the point of 
view cif tin* electrir circuit. 

booking upon the stored magnetic energy as due to some kind 
of a motion in flu* medium, eq. (104) suggests the familiar expres¬ 
sions kmc 2 and J Kufi for the kinetic energy of a mechanical system. 
Taking the current to in* analogous to the velocity of motion, the 
inductance becomes analogous to mechanical mass and moment of 
inertia. The larger the electromagnetic inertia L the more energy 
is stored with the same current, ICquntion (107) also has its 
analogue in mechanics, namely in the familiar expressions mdv/dt 
and Ktlw/di for the aeeelerafmg force* and torque respectively. 
The <‘.m.f. c represents the reaction of the circuit upon the source 
of power when the latter tends to increase i the rate of flow of elec¬ 
tricity. While these analogies should not be carried too far, they 
are helpful in forming a clearer picture of the electromagnetic 
phenomena. 

The role of incluctanee, L, in the current and voltage relations of 

alternating-current circuits is treated in detail in the author’s 
Electric Circuit . In this book inductance is considered from the 
point, of view of the magnetic circuit, Le„ as expressed by eqs. (104) 
to (100). In the next two chapters the values of inductance are 
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calculated for some important practical cases, from the forms and 
the dimensions of the magnetic circuits, using the fundamental 
equations (104), (105) and (106). The reader will see that the 
problem is reduced to the determination of various permeances and 
fluxes; hence, it presents the same difficulties with which he is 
already familiar from the study of Chapters V and VI. 

Inductance of electric circuits in the presence of iron . When 
iron is present in the magnetic circuit, three cases may be distin¬ 
guished : 

(1) The reluctance of the iron parts is negligible as compared 
to that of the rest of the circuit; 

(2) The reluctance of the iron parts is constant within the 
range of the flux densities used; 

(3) The reluctance of the iron parts is considerable, and is 
variable. 

In the first two cases, eqs. (104), (105) and (106) hold true, and 
the inductance can be calculated from the constant permeances of 
the magnetic circuit. In the third case, inductance, if used at all, 
must be separately defined, because eq. (102a) does not hold when 
the permeance of the circuit varies with the current. The equa¬ 
tion of energy is in this case 

+ * * (108) 

This equation is deduced by the same reasoning as eq. (98). 

The following three definitions of inductance are used by differ¬ 
ent authors when the reluctance of a magnetic circuit is variable: 
(a) the expressions (104) and (108) are equated to each other, and 
L is calculated separately for each final value i of the current. 
Thus L is variable, and neither eq. (105) nor (107) hold true. ( h ) 
L is defined from eq. (107); in this case neither eq. (104) nor (105) 
are fulfilled. ( 6) L is defined at a given current by eq. (105) so 
that Li represents the sum of the linkages of the flux and the cur¬ 
rent. Therefore eq. (107) becomes e = —d{Li) / dt , and dW =id(Li ). 
With each of the three definitions L is variable, and therefore is not 
very useful in applications. The author's opinion is that when the 
permeance of the circuit is variable, L should not be introduced at 
all, but the original equation of energy (108) be used directly. Or 
else in approximate calculations, a constant value of L can be 
used, calculated for some average value of i or #. 
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Prob. 10. It. in desired t.o make a standard of inductance of one 
millihenry 1\V winding uniformly one layer of thin flat conductor upon 
a toroidal wooden ring of circular cross-sect ion. How many turns are 
needed if the diameter of the cross-section of the ring is 1() cm. and 
the mean diameter of the ring itself is 50 cm.? Ans, 400. 

Prob. 11. An iron ring ol circular cross-section is uniformly wound 
with n turns of wins the total thickness of the winding being t ; the 
mean diameter of the ling is I) and the radius of its cross-section r. 
What is the imhietanee of the apparatus, assuming the permeability 
of the iron to be constant and equal to 1500 times that of the air? 
Hint: <hh v -!t'2x{r f x)dx/rJ); n p n{t-x)/L 

Am. 1 .25 («>//>) (l500r’M t(lr H0]X1(W henry. 

Prob. 12. A ring is made of non-nmgnetic material, and has a 
rectangular eross-section of dimensions b and h\ the mean diameter 
of the ring is I). It is uniformly wound with n turns of wire, the total 
thickness of the winding being t. Wlmt is the inductance of the winding? 

Ans. 0 4(a* l))\hh + lt{b+hW)-7m)}\()^ millihenry. 

Prob. 13. The ring in the preceding problem has the following 
dimensions: /> — 50 cm.; /*--/>' 10 cm.; it is to be wound with a con¬ 
ductor 3 mm, thick (insulated). How many turns arc required in order 
x to get an inductance of 0.43 of a henry? Hint: Solve by trials, assum¬ 
ing reasonable values for /; the number of turns per layer decreases as 
the thickness <4 the winding increases. Ans. About 5600. 

Prob. 14. It is desired to design a choke coil which will cause a 
reactive drop of 250 volK at 10 amp. and 50 cycles, 'the gross cross-sec¬ 
tion of the. core (Fig. 12) is 120 sq.cm., and the mean length of the path 
130 cm.; the maximum flux density in the iron must be not over 7 
kh per sq. cm. What is the required number of turns and the length 
of the air-gap in the core? 1 Ans. 149; 2.7 mm. 

Prob. 16. An eleetrienl circuit, which consists of a Leyden jar 
battery of 0.01 mf, capacity and of a coil having an inductance of 10 
milliheurys, undergoes free electrical oscillations in such a way that the 
maximum instantaneous voltage across the condenser is 10,000 volts. 
What is the current through the inductance one-quarter of a cycle 
later, neglecting any low of energy during the interval ? 

Ans. 10 amp. 

Prob. 18. KuggOHt a practical experiment which would prove directly 
that the atom! electromagnetic energy is proportional to the square 
of the current. 

Prob. 17. Prove that the inductance of a coil of given external 
dimensions is proportional to the square of the number of turns, taking 
into account the complete ami the partial linkages. Bhow that the 
ohmic resistance of the coil Is also proportional to the square of the 
number of turns, provided that this space factor is constant. 

Noth I. The theoretical calculation of the inductance of short 

1 For a complete design of a reactive coil see G. Kapp, Transformer* (1908), 

p, 106 , 
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straight coils ami loops of win* in tin* air is rather eomj4ieutnd, because 
of the mathematical dillieultie*. m exposing the peuneanres <,f the 
paths. r rhose interested in the ^object will find ample information 
in Hosa and Cohen’s Formula anti i o^U - t >? t!>* (‘on nhitnm of Mutual 
and MfdndwUtncv, in the Bullet he* ul the Buie.iu <u Standards, Yul, 
f> (1908), No. 1. The article contain^ a Be »jtnfr a < mnpletr Bibliography 
on the 1 ; subject. See also Urlteh, /Cupn-nf..:/ nn*i tndodwitot ( 
p. 74 d Hvq . 

Note 2. In the formula* deduced to tin* and in the two following 
chapters, it is presupposed that the enroot m dsUnbuted uniformly 
over (ho eross-soetiun of the eondm tom, >n* U m the ra^e m enmluetorH 
of moderate size and at ordinary eummncm! f tr.|urortr i, unless perrhmice 
the material is itself n magnetic sttleUancr, With high he< {Henries, 
or with eonduetors of unusually large ttuh»\et'Mc dnn**i muum, a Bo with 
eonduetors of a magnetie material. the furhut is m.f distnhuted itnB 
formlv over the cross section of tie eundmhitM, the lutieid density 
being higher near the periphery. The u* ult B flint, an the freipaaiey 
inereuses, the induelauet* becomes lower and the oluuir trBahmee higher. 
This is known as the nkin rffrrl. Borwi explanation, for a umthenmtienl 
treatment in a simple ease*, iiitit for reference** nv v Melnhe, Unmilmek 
dtr Elvktrntrchnik, Vol, I tHHHt part 2, pp, IPfHn Jpu, Table* and for 
muhe will Be found in the Standard noil in BusterVt /WA*W- 

Hook, See also C. l\ Stehunef /, \ltrrnahn>§ t "urirnt Vhmtonmn ItflUHp 
pp. 200-208, and Ins Tmtmirni FJrtinr I’hrmmn m$ l BHH.Is, Section l II, 
Chapter VII ; Arnold, t>ir W triiminlrmnifrlmik , \ ol t < I pffn, p. JttVI; A. 
B. Field, Kddy Currents in Barge Slot wound ( Wndurtors, Fiona, Amtr, 
hint, Flrdr, A’m/ra., Vol, 24 0U05), |*« 7«U. 



CHAPTER XL 


THE INDUCTANCE OF CABLES AND OF TRANS¬ 
MISSION LINES. 


69. The Inductance of a Single-phase Concentric Cable. Lot 
Fig. 40 represent t In* cross-sort ion of a concentric cable, which 
consists of an inner core .1 and of an external annular conductor 
I), with some insulation C between them. Let the radii of the 
conductors be <t f h, and r, respectively. The insulation outside of 
I) and the sheathing are not shown. Let a direct current of i 
amperes How through the inner 
conductor away from the reader 
and ret urn through the outer 
conductor. The magnetic field 
produced by this current links 
with the current, and for reasons 
of symmetry the lines of force 
are concentric circles. The field 
rs confined within the cable, 
because outside* the external con¬ 
ductor /) the* m.m.L is / / 0. 

In the* space* between the* two 
conductors the* line»s of force* am 
linked with the* whole eurmnt, 
ami since* then* in but one* turn, 
the* m.m.L is equal to b The* length of a line of force of a radius x 
cm. is 2/r.rsof hat t he* magnetic inlensityis// i/2xx f amp. turns per 
cm., the corresponding flux <h*nsity H /ti/2nx maxwells per sq.cm. 
Tims, the flux density decreases inversely as the distance from the 
center; it is represented by the* ordinates of the part qr of a hyper¬ 
bola. 

In tin* space* within the* inner eonduetor .4, a line of force of 
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The magnetic field within 
a concentric cable. 


radius / is linked with a current i £ i(KX 2 /nu*) 


4(x/a) 2 , provided 
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that the current is distributed uniform!} o\**r the rr«^ section of 
the conductor. The length of the line of bun* m 2r.i, so thut 
xi/{2rjB) % and B nxi CVru’K Tim*. in this jmrt 
of the field the flux density increase* hm the iii^iunr«* fmm the 
center and is represented hy the >trni^Jif line ih(, 

hi the space inside the conductor h, a line of force of a 
radius x is linked with the enrrent i\.t* h* * tr-’ h') of the 
external conductor and with the emreuf ■ \ of the internal con¬ 
ductor, or altogether with the current i # no /-h (c- />’■*), 

Consequently, here the flux density is repit-nonied by the 
hyperbola ra t the equation of which is 

B ~« ni x TbrJ -• /tide- .< j 1 IPi], 

The curve Of/rs gives a dear physical picture of the field dis- 
tribution in the cable, and helps one to understand the linkages 
which enter into the calculation of the inductance of the cable. 
The inductance of the cable is calculated according to the 
fundamental formula CltHb, the complete linkages being in the 
space between the two comlurtoj*, and the paitial linkages being 
within the space occupied by the conductors themselves, Con- 
aider a piece of the cubit* one centimeter long. The jhu menace of a 
tube of force of a radius jt and of n thickness tlx is mix 'lnx % so that 
the permeance of the* complete linkages is, 

f t* 

ft tU BJnx — I ft 2rr I bulk n I {«* riii/ ctu., (If)!)} 

~ « 

where Ln is the symbol for nitl unit logarithms. In this case the 
permeance is equal to the induct mice bemuse the number of turns 
n^l. The sign “prime" imlicntes that the quantities /,/ und 
(P/ refer to a unit length of the cable. 

For the space inside the inner eomhietor n P - lx a IT this being 
the fraction of the current with which the line of force of radius x 
is linked. Hence, the part of the itidttrliinre of the ruble due to 
the field inside the conductor A in 

* (/*/&r)J^ (x/a)*(tJx/x) -^/t/sr --0.0& jHtriti/euu (110) 

This formula shows that the part of the inductance due to the 
field within the* inner conductor in imhqMmdent of the radius of the 



Chav. Xl| INDTCTANCK OF TRANSMISSION LINKS 


191 


conduct,or, and in always equal to 0.0« r ) perm, per cm., or 0.05 milli¬ 
henry per kilometer lengt h of the cable. 

The exact, expression for the part of t he inductance of the cable 
Ijj! due to the linkage within the outer conductor is given in 
problem 10 below. The formula is rather complicated for prac¬ 
tical use, especially in view of the fact that this part of the induct¬ 
ance is comparatively small, because the flux density on the part 
rs of the curve is small. It is more convenient, therefore, to make 
simplifying assumptions, when the thickness t of the outer con¬ 
ductor is small as compared to b. Namely, the length of all the 
paths within the outer conductor may be assumed to be equal 
to li:l>, so that the permeance of an infinitesimal path of a radius x 
and thickness tlx nearly equals / ulx/'lnb. Furthermore, the volume 
of the current in the outer conductor, between the radii b and x 
may be assumed to be proportional to the distance x—b, and 
hence equal to i(x -b)/(c -b), A line; of force of a radius x is linked 
therefore wit h the* whole current i in the inner conductor and with 
the above-stated part of the current in the outer conductor, and, 
since the currents flow in opposite directions, this line of 
force is linked altogether with the current i(c—x)/(c—b). Hence, 
it iH linked with n P ■ (c ~x)/{c -b) turns. Thus,the inductance of 
the cable, due to the outer partial linkages, is, in the first approxi- 
mat ion, 

f, ; / /</(2"h/-) p fe —x) 2 dz - - t y/6 perm/cm. . (Ill) 

'h 

If a closer approximation is desired, it is convenient to expand 
eq. (1H) in ascending powers of t/b, as is explained in problem 11. 
The result, is 

1‘,! * tV/ b[\ - ,‘„(f//>) a + M l /W ■ ■ -3 perm/cm. . (112) 

It will thus be seen that eq. (Ill) is an accurate approximation, 
because eq. (112) contains in the parentheses no term with the 
first, power of t he ratio t/b. 

Thus, the total inductance of a concentric cable, l kilometers 
long, is 

logw (b/a)+().()?> +L D ']l millihenrys, . (113) 

where L r / is given by eqs. (Ill), (112), or (114), according to the 
accuracy desired. Expressions (110) and (114) are correct only at 
low frequencies, such as are used for power transmission. With 
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very high frequencies, the skin effect becomes noticeable, that is, 
the current in the inner conductor is forced outward and that in 
the outer conductor inward. In the limit, when the frequency 
is infinite, the currents are concentrated on the opposing surfaces 
of the conductors, and the partial linkages are equal to zero. 
Thus, each of the expressions in question must be multiplied by a 
variable coefficient k which, for a given cable, is a function of 
the frequency. At ordinary frequencies k=l, and gradually 
approaches zero as the frequency increases to infinity. 1 

Prob. 1. A concentric cable is to be designed for 750 amperes, the 
current density to be about 2.2 amp. per gross sq.mm., and the thickness 
of the insulation between the conductors to be 6 mm. What are the 
dimensions of the conductors assuming them to be solid, that is, not 
stranded? The fact that they are in reality stranded is taken care of 
in the permissible current density. 

Ans. a = 10.5; 6 = 16.5; c = 19.6 mm. 

Prob. 2. Plot the curve Oqrs of distribution of the flux density 
in the cable given in the preceding problem. 

Ans. At x=a, 143; at x = b, B=9l maxwells per sq.cm. 

Prob. 3. What is the total flux in megalines per kilometer of the 
cable specified in the two preceding problems? Ans. 15.1. 

Prob. 4. Show how to plot the curve of the distribution of flux density 
in a three-phase concentric cable, at some given instantaneous values 
of the three currents. 

Prob. 5. What is the inductance of a 25-km. cable in which the 
diameter of the inner conductor is 12 mm., the thickness of insulation 
is 3 mm., and the dimension c is such that the current density in the 
outer conductor is 10 per cent higher than in the inner one ? 

Ans. 25[0.0810 + 0.050 + 0.0122] =3.58 millihenry. 

Prob. 6. A cable consists of three concentric cylinders of negligible 
thickness; the radii of the cylinders are r 1} r 2 , and r 3 , beginning with 
the inner one. What is the inductance in millihenrys per kilometer, 
when a current flows through the inner cylinder and returns equally 
divided through the two others? 

Ans. 0.46 [log (r 2 /r0 +0.25 log (r 3 /r 2 ).] 

Prob. 7. In the cable given in the preceding problem the total 
current i flows through the middle cylinder, the part mi returns through 
the inner cylinder, and the rest, m, returns through the outer one. What 
is the total inductance per kilometer of length? 

Ans. 0.46 \m 2 log (r 2 /r^ +n 2 log (r 8 /r a )]. 

1 For the field distribution in and the inductance of non-concentric cables 
see Alex. Russell, Alternating Currents , Vol. 1 (1904), Chap. XV; for the 
reactance of armored cables see J. B. Whitehead, “ The Resistance and React¬ 
ance of Armored Cables, Trans . Araer. Inst. Blectr. Engrs ., Vol. 28 (1909) 
p. 737. 
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Prob. 8. At wlmt, ratio of b to a in Kip;. 40 is the magnetic energy 
atonal within the inner conductor equal to that stored between the 
two conductors7 Ans. 1.28. 

Prob. 9. It is required to replace the solid inner conductor A in 
Kig. *I(> by an infinitely thin shell of such a radius a' that the total 
inductance of the cable shall remain the same. What is the radius of 
the shell? Hint: (s/2jr)Ln(rt/«') /(/Hit. 

Ans. a'/rt 03 =0.77i). 

Prob. 10. Prove that the part of the Inductance due to the linkages 
within the outer conductor in Kig. -Hi is expressed by 

2 *J‘ H3cM td-4cV)]. . . (114) 

Hint: d^ v ~ fuir/'2xx; 1 ?r(,r 2 Id) /jr(r 2 — /> 2 }. 

Prob. 11. Benlure «*q. (112) from formula (114), assuming the 
ratio t/h to be small an compared to unity. Hint: Put c^b{ \ -\-y) 
where y-t/h is u small fraction. Kxpund Ln (l -y) into an infinite 
Merlon, and omit in tin* numerator of tap (114) all the terms above t/ 5 ; 
expand (c 3 Id) in the denominator in ascending powers of y ) and divide 
the numerator by this polynomial. 

60. The Magnetic Field Created by a Loop of Two Parallel 

Wires. I#ed. Mg. 47 represent the cross-section of a single-phase 
or direct-current transmission line, the wires being denoted by 
A and /L With the direelitms of the currents in the wires shown 
by the dot ami the cross, the magnetic field has the directions 
shown by the arrow-heads, one-half of the flux linking with each 
wire. Before ealeuluting the inductance of the loop it is instruct¬ 
ive 4 to get a clear picture 4 , ejuantitative as well as qualitative, of the 
field itself. 

The 4 fiehl distribution is syimnetrical with respect to the line 
A H ami t he* axis 00\ The 4 wholes flux passes in the space between 
the wires, ho as to be* linked with the m.m.f. which produces it, and 
them extends to infinity on all sid(‘H. The flux density is at its 
maximum near the wires and gradually decreases toward 00' 
and toward f */>, m is shown by the curve pqxln'q'p'* The ordi¬ 
nates of this curve 4 represent the flux densities at the various points 
of the 4 line* passing through the cemiers of the wires. The reason 
for which the flux density is larger near the wires is that the path 
there is shorter, although the m.m.f. acting along all the paths 
is the same 4 . This m.m.f. is numerically equal to the current i in 
the wires, the number of turns being equal to one. 

It is proven! below that the magnetic paths outside the conduc- 
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torn themselves are eccentric circles, with their centers on the 
line A B extended. The equipotential surfaces art' circular 
cylinders, which are sliown in Fig. 4 7 as circles passing through the 
centers A and B of thc k conductors. W ithin the conductors them¬ 
selves there are no equipotential surfaces. 

For purposes of analysis it is convenient to regard the field in 
Fig. *17 as the result of the superposit ion of two simpler fields, simi¬ 
lar to those of the conrentrie ruble of the preceding article. Con- 



6 

Fia 47.— 1 The magnetic field produced by a single-phase iraunmisnion line. 


aider the conductor A , together with a concent rie cylinder of an 
infmitely large radius, as one conducting system, IaA the current 
flow through A toward the reader, and return through the infinite 
cylinder. Led. the conductor B with a similar concentric cylinder 
form another independent Hyat-em. The current** in the conduc¬ 
tors A and B are to be the name ns the actual currents flowing 
through them, but each infinite cylinder in to serve as a return for 
the corresponding conductor, as if them were no electrical connec¬ 
tion between A and /#. The currents in the two cylinders are 
flowing in opposite directions and the cylinders themnelveB 
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coincide at infinity, because the distance AB between their axes is 
infinitely small as compared to their radii. Hence, the two cur- 
rents in the cylinders cancel each other, and the combination of 
the two component systems is magnetically identical with the 
given loop. 

In a medium of constant permeability, the resultant magnetic 
intensity H y produced at a point by the combined action of several 
independent m.m.fs., is equal to the geometric sum of the intensi¬ 
ties produced at the same point by the separate m.m.fs. 1 This 
being true of the intensities, the component flux densities at any 
point are also combined according to the parallelogram law 
because they are proportional to the intensities. Hence, the 
resultant flux can be regarded as the result of the superposition 
of the fluxes created by the component systems. 

The field produced by the system A consists of concentric cir¬ 
cles, the flux density outside the conductor A being inversely pro¬ 
portional to the distance from the center of A (curve qr in Fig. 46). 
The field created by the system B consists of similar circles around 
B , and the field shown in Fig. 47 is a superposition of these two 
fields. Thus the resultant field intensity H at a point P is a 
geometric sum of 

Hi=i/27ir h .(115) 

and 

H2=i/27cr2, .(116) 

Hi and H 2 being perpendicular to the corresponding radii vectors 
r x and r 2 from the centers of the conductors to the point P. The 
directions of Hi and H 2 are determined by the right-hand screw 
rule. Since Hi and H 2 are known in magnitude and direction at 
each point of the field, the resultant intensity H may also be deter¬ 
mined. 

To deduce the equation of the lines of force in the resultant 
field, we shall express analytically the condition that the total flux 
which crosses the surface CP is equal to zero, provided that C and 
P lie on the same line of force. This total flux may be considered 

1 This principle of superposition can be considered (a) as an experimental 
fact; ( b ) as an immediate consequence of the fact that in a medium of constant 
permeability the effects are proportional to the causes; (c) as a consequence 
of Laplace’s law dH** Const.X ids sin 0/lOr 2 , according to which the total 
field intensity is regarded as the sum of those produced by the infinitesimal 
elements of the current, or currents. 
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ns the resultant, of the fluxes due to the systems ,t and H. Accord¬ 
ing tu eq. (Ilf)), the flux density due to .1, at a distance .r fmm A 
is H i ■ /ti/'Ixx, so that the flux due to ,1 which crosses CP is 
/■ r > 

0/ | /ijr/j- (/<i/2,-r)Ln(rj JOmaxwells cm. . (H 7 ) 

This flux is directed to thr left, looking from t 1 to /’. By analogy 
the flux due to tlu- system H is 

<&•/ (/«’,• 2r)bn(r« /If)maxwells cm.(IKS) 

and is directed to the right, looking from (' to /’. The condition 
that no flux crosses (7* is, that <Pf is equal to <P./ t or 

Ln(ri/d<") Ltifr- //(’), 
or 

rt/r-i AC/HC Const.( 119 ) 

This is the equation of a line of force in "di-polnr" co-ordinates; 
the curve is such that the ratio of r t to r_. remains constant, How¬ 
ever, this constant, is different for each line of force, because each 
line has its own point C, 

Kq. (11!)) may he proved to represent it circle, by selecting an 
origin, say at, A, and substituting for r, ami their values in terms 
of t,he rectangular co-ordinates x and The following proof by 
elementary geometry leads to the same result. Produce .l/’anit 
lay off PI) PH r->. According to eq. 1119), lit) is parallel to 
CP, and consequently PC bisects the angle APH «>, Iwt the 
point C lie on the same line of force with C; then no flux passes 
through PC, and by analogy with eq. 1119) we have 

rt/r a .UT PC Const.(120) 

By plotting PIV r-> (not shown in figure) along PA, in the oppo¬ 
site direction from PI), and connecting I>‘ to B, one can show as 
before that PC' bisects the angle HP!) 1st) 0 to. But the 
bisectors of two supplementary angles are }a*rpendicular to each 
other; consequently, CPC' is a right angle, and the point P lies 
on a semicircle erected on the diameter ( 'C'. This semicircle is the 
line of force itself, because all the points, such us P, which are deter¬ 
mined by C and C must lie on it. Another semicircle below the 
line AB closes the line of force. 
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Fromeqs. (119) and (120) the following expressions are obtained 
for the radius R of the line of force: 


or 


P = 

R = 


BC 

1 -JBC/AC) ’ 
BC' 

l + BC'/AC' 9 


( 121 ) 

( 122 ) 


so that the line of force can be easily drawn for a given C or C\ 

To prove that the equipotential lines are also circles we proceed 
as follows. The line AB is evidently an equipotential line, because 
it is perpendicular to all the lines of force. The difference of mag¬ 
netic potential or the m.m.f. between AB and P, contributed by 
the system A, is equal to i( 6 i/ 2 n) ampere-turns, where the angle 
BAP is denoted by 6 \. This is because the m.m.f. due to the sys¬ 
tem A , taken around a complete circle concentric with A, is equal 
to i, and is distributed uniformly along the circle, for reasons of 
symmetry. Or else it follows directly from eq. (115). By 
analogy, the difference of magnetic potential between AB and P, 
due to the system P, is 1 ( 62 / 27 :). Thus the total difference of 
potential between AB and P is 

M cp ~ (i/2n) (d x + 6 2 ) - (£/ 2tz) (tu-cj). . . (123) 

This shows that the m.m.f. between any two points in the field is 
proportional to the difference in the angles co at which the line AB 
is visible from these points. For any two points on the same 
equipotential line M cp is the same, so that the equation of such a 
line is 

co= const.(124) 

This represents the arc of a circle passing through A and B, and 
corresponding to the inscribed angle w. 

Prob. 12. A single-phase transmission line consists of two conductors 
1 cm. in diameter, and spaced 100 cm. between the centers. Draw 
the curve of flux density distribution (pqst in Fig. 47) for an instantaneous 
value of the current equal to 100 amp. 

Ans. a; = 50.0 25.0 0.5 —0.5 —50.0 —00 cm.; 

P = 0.80 1.07 40.20 -39.80 —0.26 0 maxw./sq. cm. 

Prob. 13. For the transmission line in problem 12 draw the lines 
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of force which divide the total flux between the wires into ten equal 

parts (not counting the flux within the wires). 

Ans. The circles nearest to OO* cross AH at a distance of 48,4 
cm. from caeh other. 

Prob. 14- Referring to the two preceding problems, draw ten 

equipotential circles which divide the whole nuui. of 100 ampere-turns 
into ten equal parts. 

Ans. The arcs nearest to AH intersect OO' at a distance of 

82.5 cm. from each other. 

Prob. 15. A telephone lint' runs parallel to a single-phase power 
transmission line. The position of one of the telephone wires is fixed; 
show how to determine the position of the other wire ho as to have a 
minimum of inductive disturbance in the telephone circuit. Hint: 
The center lines of the two telephone wires must intersect the same line 
of force due to the power line. 

Prob. 16. A telephone line runs parallel to a 25-eyde, single-phase 
transmission line. The distances from one of the telephone wires to 
the power wires are 8.5 m. and 2.7 in.; the distances from the other 
telephone wire to the power wires are 3.6 and 2,5 m, (in the same order). 
What voltage is induced in the teleplume line per kilometer of Hs length, 
when the current in the power line is MX) effective amperes? 

Note: In practice, this voltage is neutralised by trmmfKming 
either line after a certain number of spans. Aim. 0,33 volt. 

61. The Inductance of & Single-phase lino. The inductance of 

a single-phase line (Fig, 47) can he calculated according to the fun¬ 
damental formula) (105) or (100), provided that the permeances 
of the elementary paths be expressed analytically. However, in 
this case it is much simpler to use the principle of »ujM*rpositkm 
employed in the preceding article, and to consider the actual flux 
as the resultant of two fluxes each surrounding concentrically one 
of the wires and extending to infinity. The fluxes produced by 
the two component systems are equal and symmetrical with 
respect to the wires. It is therefore sufficient to calculate the 
linkages of the loop AH with the flux produced by one of the sys¬ 
tems, say that corresponding to A f and to multiply the result by 
two. 

The flux produced by A, and having A as a center, links with 
the current in the loop AH, These linkages may be divided into 

the following: 

(a) Linkages within the wire A; that is, from * *»0 to * -a; 

(£>) Linkages between the wires A and H f that is, from 


x to x — a; 
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(c) Linkages outside the loop, that is, from x =6+a to x = 
infinity, 

(< d) Linkages within the wire B , that is, from 
x —b —a to x =5+a. 

The linkages (a), (&) and (c) are the same as in a concentric 
cable (Fig. 46), because the shape of the lines of force and the 
number of turns with which they are linked are the same. The 
partial linkages (d) are somewhat difficult to express analytically. 
When the distance b between the wires is large as compared to 
their diameters, the whole current in B may be assumed to be con¬ 
centrated along the axis of the wire B , instead of being spread over 
the cross-section. With this assumption, the partial linkages (d) 
are done away with, the linkages (6) are extended to x=b, and the 
linkages (c) begin from x=b. The expressions for the linkages (a) 
and (6) are given by eqs. (110) and (109) respectively. The link¬ 
ages (c) are equal to zero, because in this region the lines of force 
produced by A are linked with both A and B , and therefore 
with i —^=0 ampere-turns. Thus, the inductance in question is 

U =0.46 logio(6/a) +0.05.(125) 

This gives the inductance of a single-phase line in perms per centi¬ 
meter length, or in millihenrys per kilometer length of the wire. 1 
To obtain the inductance per unit length of the line this expression 
must be multiplied by two, because the linkages due to the flux 
produced by the system B are not taken into account in eq. (125). 
However, for the purposes of the next two articles it is more con¬ 
venient to use expression (125), and to consider separately the 
inductance of each wire, remembering that the two wires of a loop 
are in series, and that therefore their inductances are added. 2 

Prob. 17. Check by means of formula (125) some of the values for 
the inductance and reactance of transmission lines tabulated in the 
various pocketbooks and handbooks. 

1 It is of interest to note that the exact integration over the partial linkages 
(d) leads to the same Eq. (125), so that this formula is correct even when 
the wires are close to each other. See A. Russell, Alternating Currents , Vol. 
1 (1904), pp. 59-60. 

2 The inductance of two or more parallel cylinders of any cross-section can 
be expressed through the so-called “ geometric mean distance,” introduced 
by Maxwell. For details see Orlich, Kapazitat und Induhtimtat (1909), 
pp. 63-74. 
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Prob. 18. Show by means of tables «ir vnr\m tlmt the inductance 
of a transmission line varies much more slow Iv than (a) tho spacing 
with a given size of wire, {/>) the size of wire with n ghen sparing, 

Prob. 19. When the diameters of tin* two wires t and ii are different, 
prove that the inductance of the complete limp k the same ns if the 
diameter of each wire wan equal to the giHtmetrie menu of the actual 
diameters. 

Prob. 20. Show that the induct since of a Ntngteqdinse line with n 
ground return ran he* ndeulated from eq. U25) by putting h - 2/i where 
h is the elevation of the wire above tin* ground, flint : In Eig. 47 the 
plane (HV may he considered to he the surface of the earth, assumed 
fo he a perfect eonduetor, If the earth he returned, an "image” con¬ 
ductor Ii mast be added in order fo prmhle » return path for the 
current, such that the field surrounding .1 would remain the mine, 

Prob. 21. Two single-phase lines are placed on two cross arms of 
the same tower, one direetty above the other, lit it vert teal distance 
of c cm apart. What is the total inductance of the combination, when 
the two lines are connected In parallel am! each hue marries one-half 
of the total current? 

Solution: (Mushier the four wires as forming four befit ions systems, 
with cylinders at infinity ns returns, l«et ft tie the sparing in each 
loop, and let h he larger than r. IVnote the wires in one bmp by l 
and 2, in the other by E and 2\ and let 4 he the diagonal distance 
between 1 and 2', Assume all the wiresexcept t to Imof nn infinitesimal 
erosH-seetion, Then, the linkages of the flux produced by the system 
1 with the eurrents in tin* four wires art* 

f 3 /V-0.05(10 2 1 0.2(10 3 Luff/«t) l «;ii ililhntli/r) 

» 0.2* d mill! joules/km. 

Thus, allowing the same amount for the linkages due to the cur- 
rent in the wire l', we get that the inductance of the split line, each way, 
is 

// -*20/ ~ 1(0.40 lug w (kl/m) t 0,05J millihenry*/km,, 

instead of the expression (125) for the single line. The same result 
is obtained when h is smaller than r, Hence, by splitting n Hue in 
two the inductance is considerably reduced, Imcitmte piirtlnl linkage* are 
substituted for some of the complete linkages. If 4 were equal to e 
the reduction would be 50 jwr cent; hut since 4 is always larger than 
c the gain is loss than 50 per cent. However, when the two lines are 
very far apart the saving Is very nearly 50 per cent. 

Prob. 22. A certain single-phase tfauamlaskm Hite tins \mm design**! 
to consist of No. (KK) II. & 8. conductor with n spacing of 1H0 cm. It 
is desired to reduce the reactive drop by at mut 20 per wit, without 
increasing the weight of copper, by using two lines In parallel, with 
the same sparing. What is the tthe of the conductor and the distance 
between the loops? Ana. No. 1 11, & 8, ; ntxmt K cm. 

Prob, 23, Bolve problem 21 when tins load k divided unequally 
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between the two loops, the currents being mi and ni respectively, where 
m +n = l. 

Ans. U = 0.46[(m 2 -bn 2 ) log (c/d) -blog (b/c) -b2mn log ( d/b)] + 
0.05 (m 2 -bn 2 ), when bye, and L' = 0.46[(ra 2 -bn 2 ) log (bfa) 4- 
2mnlog (d/c)] -b0.05(m 2 +n 2 ), when 6<c. 

Prob. 24. A single-phase line consists of three conductors, the 
total current flowing through conductor 1, and returning through con¬ 
ductors 2 and 3 in parallel. If the current in one return conductor is 
mi, and in the other ni, where m-bn = I, prove that the inductance of 
the line per kilometer of its length is, in millihenrys, 

Z/=0.46 [log (fen/aO +m 2 log (b 23 /a 2 ) +n 2 log (b 22 /a z ) 4 -m log (b 12 /b 13 ) 

+mlog (b 12 /b n ) -bnlog (6 13 /b 23 )] +0.05(1 -bm 2 +n 2 ), when b 12 yb ls yb 22 . 

In the particular case when Z>i 2 = Z > 2 3 = a x = a^a z , and m=n = J, the 
inductance is reduced by 25 per cent as compared to that of a single loop. 1 

62. The Inductance of a Three-phase Line with Symmetrical 
and Semi-symmetrical Spacing. The magnetic field which sur¬ 
rounds a single-phase line varies in its intensity from instant to 
instant, as the current changes, but the direction of the magnetic 
intensity and of the flux density at each point remains the same. 
In other words, the flux is a pulsating one. The field created by 
three-phase currents in a transmission line varies at each point in 
both its magnitude and direction. At the end of each cycle, the 
field assumes its original magnitude and direction. If the spacing 
of the wires is symmetrical, the field at the end of each third of a 
cycle has the same magnitude and position with respect the next 
wire. The field may therefore be said to be revolving in space. 

This revolving flux, like that in an induction motor, induces 
e.m.fs. in the three phases. The problem is to determine these 
counter-e.m.fs. in the transmission line, knowing the size of the 
wires, the spacing, and the load. In transmission line calculations, 
especially in determining the voltage drop and regulation, it is 
convenient to consider each wire separately, and to determine the 
voltage drop in phase and in quadrature with the current. Thus, 
having expressed the e.m.fs. induced by the revolving flux in terms 
of the constants of the line, each wire is then considered as if it 
were brought outside the inductive action of the two other wires. 

We shall consider first the case of an equidistant spacing of the 
three wires, because in most practical calculations of voltage drop 

l The splitting of conductors discussed in problems 21 to 24 has been 
proposed for extremely long transmission lines, in order to reduce their induct¬ 
ance and at the same time increase their electrostatic permittance (capacity). 
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an unsymmetriral sparing is replaced by an equivalent equidistant 
spacing. The exact solution fur an unsymniet rieal sparing is given 
in the next article. Let the instantaneous \ allies of the three cur¬ 
rents in the wires . 1 , H ami C of a three-phase transmission line he 
7 h io and ha The sum of the three currents at each instant is 
zero, or 

<1 I i\i I hi 0.U20) 

Let l>e the equivalent flux which links at any instant with the 
wire it. The instantaneous e.ituf. induced in this wire is 

t'x iW, H </f. ....... (127) 

The equivalent flux consists of the actual flux outside the wire plus 
the sum of the fluxes inside the wire, each infinitesimal tube of flues 
being reduced in the proper ratio, according to the fraction of the 
cross-section of the win' with which it is linked, Or, whut is the 
same thing, each win* is replaced by an equivalent hollow cylinder 
of infinitesimal thickness, without partial linkages, as in problem 
9 in Art. 59 (consult also tin* definition of equivalent permeance 
given in Art, 58). 

In order to determine ® t , t we replace the three-phase system 
by two superimposed single-phase systems. The current i t in the 
wire A may he thought of us the min of the currents ib and — ta, 
each flowing in a separate fictitious win*, and both of these wires 
coinciding with A. The cur rents ! i* m H and ib in A form 
one single-phase loop, while fla' currents * m in O and h* in A 
form the other loop. The flux # rf| which surrounds A is the sum 
of the. fluxes produced by these two loops. The flux |>er unit 
length of the line, due to the first loop, is equal to since 

the number of turns is equal to one. For the same reason (P \ q *■- 
U where // is determined by eq, (125), Hence, the flux per 
unit length of the line, dm* to tin* first loop, is-J7i> HituUarly, 
the flux due to the second loop and linked with A is equal to 
— //hi, the same' value of // being used Irnemme the spacing and 
the sizes of all of the wires are the same, Tims, 

.... ( 128 ) 

the last result being obtained by substituting the value of 13 + 13 
from eq* (120). Thus, eq. (127) becomes simply 

c* « »~»Udi\fdl, 


- . 020 ) 
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the induced e.m.f. is the same as in a single-phase line carry- 

1 current i\ . Thus, the inductance of a three-phase line with 
Irical spacing, per wire, is the same as the inductance of a 
ohase line, per wire, with the same size of wire and the same 
1 . The total e.m.f. induced in each wire is in quadrature 
te current in the wire. 

reaching this conclusion the following facts were made use 
The current in each wire at any instant is equal to the sum 
currents in the two other wires; ( b ) the fluxes due to sepa- 
.m.fs. can be superimposed in a medium of constant perme- 
; (c) The inductance of the loop .4-2? ig equal to that of A-C 

2 of the same spacing. No other suppositions in regard to 
iracter of the load or the voltages between the wires were 

Therefore, the conclusion arrived at holds true: 

For balanced as well as unbalanced loads; 

For balanced or unbalanced line voltages; 

For a three-wire two-phase system, three-wire single- 
ystem, monocyclic system, etc. 

For sinusoidal voltages as well as for those departing from 
■m. 

ri-symmetrical Spacing . When two out of the three distances 
n the wires in a three-phase line are equal to each other, the 
jment is called semi-symmetrical. Two common cases of 
id are: (a) When the wires are placed at the vertices of an 
js triangle; (6) when they are placed at equal distances in 
le plane, for instance on the same cross-arm, or are fastened 
ension insulators, one above the other. In such cases the 
ve drop in the symmetrically situated wire is the same as if 
e belonged to a single-phase loop, carrying the same current, 
bh a spacing equal to the distance of this wire to either of 
er two wires. Let, for instance, the distance A-B be equal 
', and let the distance A-C be different from the two. The 
;iven above can be repeated for the wire B, and the same 
ion will be reached because the spacing A-C is not used 
leduction. But, of course, the proof does not hold true for 
vire A or C. 

n the three wires are in the same plane, the inductance of 
: the outside wires is larger than that of the middle wire, 
n be shown as follows: Let the three wires be in a horizontal 
and let them be denoted from left to right by A, B, (7. Let 
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the distance between A and B be equal to b and the distance 
between A and C be equal to 2 b, If the wire B were moved to 
coincide with C, the inductance of A would bo the same as if it 
belonged to a single-phase loop with a spacing 26. If C were 
moved to coincide with B, the inductance of -l would be that of a 
wire in a single-phase loop with a spacing b. Thus, the inductance 
of A corresponds in reality to a spacing intermediate between b and 
2b. The inductance of the middle wire B is t he same as Unit of a 
wire in a single-phase loop with the spacing b, as is proved above. 
Thus, the inductance of either A or C is larger than that of JL 

An inspection of-a tabic of the inductances or reactances of 
transmission lines will show that the inductance increases much 
more slowly than the spacing. For instance, according to the 
Standard Handbook, the reactance per mile of No. 0000 wire, at 
25 cycles, is 0.303 ohm with a spacing of 72 inch, and is 0.340 ohm 
with a spacing of 150 inch. Therefore, in practical calculations, 
when the spacing is semi-symmetrical, the values of inductance are 
taken the same for all the three wires, for an average spacing 
between the three, or, in order to be on the safe side, for the maxi¬ 
mum spacing. In the most unfavorable case, even If an error of 
say 10 per cent be made in the estimated value of the inductance, 
and if the inductive drop Is say 20 pen* cent, of the load voltage 1 , the 
error in the calculated value of voltage drop is only 2 percent of 
the load voltage, and that at zero power factor. At power factors 
nearer unity, when the vector of the inductive drop is added at 
an angle to the line voltage, the error is much smaller. 

Prob. 26. Show that the instantaneous electromagnetic energy 
stored per kilometer of a three-phase line with symmetrical spacing is 
equal to HV-W) millijoules per kilometer, where // has the 

value given by eq. (125). If this is true, then each wire may be con¬ 
sidered as if it were subjected to no inductive action from the other 
wires and had an inductance // expressed by <*q. (125). This is another 
way of proving eq. (129), and the statement printed in italics above. 
Solution: Consider each wire, with n concentric cylinder at infinity, 
as a component system. Determine the linkages of the field (‘rented 
by the system A with the currents in A % B t and (\ as in Art. 01. The 
result is equal to Similar expressions are then written by analogy 

for the fluxes due to the systems B and <\ 

Prob. 26. Show graphically that, when the distances A~B and 
A-C arc equal, the equivalent flux linking with A is independent of 
the spacing B~C, and is the same as if B and C coincided. That is, 
prove that the inductance of A is the same as if it belonged to a single- 
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phase loop. Solution: Let l Xi I 2) and l z (Fig. 48), represent the vectors 
of the three currents at an unbalanced load. The current I x in A is 
replaced by — J 2 and — J s , and the system is split into two single-phase 
loops, A-B and A-C . The fluxes due to these systems and linked with 
A are denoted by <P 12 and $ 13 . They are in phase with the corresponding 
currents, and are proportional to the magnitudes of these currents, 
because of the equal spacing. Hence, the triangles of the currents and 
of the fluxes are similar, and the resultant flux linking with A is 
in phase with I u If 0n^Wh, and i(P z = $(Pl 3 , where (? is the equivalent 
permeance of each single-phase loop, then the result shows that 0 1 = ^(pl 1 . 
If the wires B and C coincided the equivalent permeance (P would be 
the same, and hence the proposition is proved. The voltage drop, E u 
due to the flux 0 t is shown by a vector leading I x by 90 degrees. 

63. The Equivalent Reactance and Resistance of a Three- 
phase Line with an Unequal Spacing of the Wires. In the case 
of an unequal spacing of the wires eqs. (126) and (127) still hold 
true, because they do not depend upon the spacing; but eq. (128) 
becomes 

0 eq — —L' i2%2 . (130) 


where Z/ 12 is the value of the inductance per unit length, calcu¬ 
lated by eq. (125) for the spacing between A and B, and Z/i 3 is 
the value of the inductance per unit 


length, for the spacing A-C . Substi¬ 
tuting the valueof 0 eq from eq. (130) 
into eq. (127) we get 

e\ ~L r i2di2/dt A L'l^dis/dt. (131) 

This shows that with an unequal 
spacing the effect of the mutual 
induction of the phases cannot be 
replaced by an equivalent inductance 
in each phase, because, generally 
speaking, the currents %2 and %z cannot 
be eliminated from this equation by 
means of eq. (126). 

Let us apply now eq. (131) to 


ii 



Fig. 48.—The currents and 
fluxes in a three-phase line 
with a symmetrical spacing. 


the case of sinusoidal currents and 

voltages. Let the current in the wire B be 12 =^ 2/2 sin 2 nft, 
where I 2 is the effective value of the current; then the first term 


on the right-hand side of eq. (131) becomes 2nfL'i2 y ^h cos 2 xft. 
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In the symbolic notation this is represented as ]Xy/I, where Xy/ 
—2%fLyz is the reactance corresponding to L y /, I-j is the vector 
of the effective value of the current in the wire H, and j signifies 
that the vector Xy/h is in lending quadrature with the vector 1 2 . 
Consequently, the voltage drop E\ in the wire A, equal and 
opposite to the induced e.m.f., is 

K i -jxy>'I‘i—jx 1 ■/{a.(132) 

When the currents are give i, {•> and can be expressed in the 
usual way through their components, and the drop A’, is then 
expressed through its components as f jv\. The reactances 
xy/ and xi;/ are taken from the available tables, for the specified 
frequency and the appropriate spacings, or else they can be 
calculated using the value of // from eq. (12f>). 

The voltage, drop Ei m e(j. (132) can be represented as if it were 
due to an equivalent reactance jV and an equivalent resistance r/ 
in the phase d (the Itittcu- in addition to the actual ohmic resistance 
of the wire). 'I’his is possible when [•> and l A can be expressed in 
terms of I\, and is especially convenient whenever the phase differ¬ 
ence between these currents and their ratio is constant,. Namely, 
let the current h lead the current 1 \ in phase by <f> l2 electrical 
degrees (Fig. 49). Then 

/ a -(V/i)/ 1 (coH^m+7Hin^ ia ), ■ • - (133) 

where {h/h) is the ratio of the effective values of the currents, 
apart from their phase relation. Multiplying the vector U by 
(l 2 /h) changes its magnitude to that of /*, while multiplying it by 
(cos <pu+j sin turns it counter-clockwise by <f>y 2 degrees. By 
analogy we also have that 

U -<h/h)Ij (COH0W+J Sin <£,;,). . . . (134) 

Both <f>yz and are measured counter-clockwise. Substituting 
these values into eq. (132) and separating the real from the 
imaginary part we get 

Ei ^IiKh/h)*™' sin <f>i2+(,h/h)xi3' sin <f>i A ] 

i[(V*i)*i 2 ' cos 4 >i2 + (h/Ii)xn' cos ^ 1 3 ]. . - (135) 

Thus, the drop E\ is the same as if it were caused by a fictitious 
reactance 

xi - ~(h/h)x\%' cos 4>n - (h/1 1 )jr l3 ' cos <f> ls , . (136) 
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and a fictitious resistance 

ri=(l 2 /h)xi 2 ' sin <f>i 2 +(h/h)x 1B ' sin <£ 13 . . (137) 

Both x\ and Vi may be either positive or negative, depending 
upon the constants of the circuit and of the load. The resistance 
r\ does not involve any loss of 
power, converted into heat; it 
merely shows that energy is trans¬ 
ferred inductively from phase A 
into B or C , at a rate h 2 ri', due to 
a lack of symmetry in the resultant 
field. 

Prob. 27. Show that with a 
balanced three-phase load 

Fig. 49. —The currents and fluxes 
Prob. 28. When the three wires in a three-phase line with an 
are in the same plane, the spacings unsymmetrical spacing, 
being equal, and the three-phase load 

balanced, show that the equivalent reactance of each outside wire 

Xo =£m' + 0.435/X10'" 3 ohm/km., .... (139) 

where xW is the reactance of the middle wire per kilometer, in ohms. 
The equivalent resistance of the middle wire is zero, and that of the 
two outside wires is 

r 0 f = ± 0.753/X 10~ 3 ohm/km.,.(140) 

where the sign plus refers to the wire in which the current leads that in 
the middle wire. 

Prob. 29. Compare the vector diagram in Fig. 49 with that in Fig. 
48, and shown that with an unsymmetrical spacing the induced voltage 
E x is not in quadrature with the corresponding current I u so that the 
action of the other two wires cannot be replaced by an equivalent 
inductance alone, but only by an inductance and a resistance. Show 
graphically that the latter may be either positive or negative. 



CHAPTER XII 


THE INDUCTANCE OF THE WINDINGS OF 
ELECTRICAL MACHINERY- 

64. The Inductance of Transformer Windings. When a 
transformer is operated at no load, i.e., with its secondary cir¬ 
cuit open, practically the whole flux is concentrated within 
the iron core. When, however, the transformer is loaded, so that 
considerable currents flow in both windings, appreciable leakage 
fluxes are formed (Fig. 50), which are linked partly with the 
primary winding, and partly with the secondary winding. When 
the load current is considerable, the primary and the secondary 
ampere-turns are large as compared to the exciting ampere- 
turns, so that at each instant the secondary ampere-turns are 
practically equal and opposite to the primary ampere-turns. 
An inspection of Fig. 50 will show that the m.m.f. acting upon 
the useful path in the iron is equal to the difference between the 
m.m.fs. of the primary and secondary windings, while the in.mi. 
acting upon leakage paths is equal to the sum of the m.mis. 
of both windings. 

Take, for instance, the line of force fghk; with respect to the 
part fg of its path, the secondary coil 8 X and the adjacent half 
Pi of the primary coil form together a fictitious annular coil 
(leakage coil). The m.m.f. of this coil is equal to %n x i u when* 
i x is the primary current, and n x is the number of turns in the 
whole primary coil P. Similarly, the coil S 2 and the part P 2 
of the primary coil may be said to form another fictitious coil 
linking with the part hk of the path of the lines of force. 

It will be seen from the dots and crosses that the m.mis. 
of the two fictitious coils assist each other, and that the paths 
of the leakage flux are as indicated by the arrow heads. Some 
lines of force are linked with the total m.m.f. of the fictitious 
coils, others are linked with only part of the turns. Although 
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the reluctance of the leakage paths is very high as compared 
to that of the useful path in iron, yet the m.m.f. acting upon 
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Fig. 50.—The leakage field in a transformer with cylindrical coils. 


the leakage paths is also many times greater than that acting 
upon the path in iron. As a consequence, the leakage fluxes 
reach appreciable magnitudes. 
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The leakage liuxes induce e.m.fs. in the windings in lagging 
quadrature with the respective currents, and thus affect the 
voltage regulation of the transformer. That part of the applied 
voltage which balances these e.m.fs. is known as the reactance 
drop in the transformer. It. is customary to speak about the 
primary reactance and the secondary reactance, also about the 
primary and the secondary leakage fluxes, as if they had a 
separate and independent existence. However, it. must be under¬ 
stood that each leakage flux is produced by the combined action 
of both windings, as is explained above. Moreover, where the 
leakage fluxes enter the iron they combine with the* main flux 
in the proper direction, so that they form there only a com¬ 
ponent of the resultant flux. 

In reality, the primary ampere-turns are not exactly equal 
and opposite to the secondary ampere-turns, so that, in addition 
to the leakage fluxes shown in Fig. 50, then* is a leakage flux 
due to the magnetizing ampere-turns. However, this correction 
is negligible, when the load is considerable, and the calculation 
of the leakage flux is greatly simplified by assuming the primary 
ampere-turns to be exactly equal and opposite to the secondary 
ampere-turns. 

The effect of the leakage reactance upon the performance 
of a transformer is treated in The Electric Circuit; there the 
value of the reactance is supposed to be given. Here the problem 
is to show how to calculate the leakage inductance from the given 
dimensions of a transformer. The two types of winding to be 
considered are the one with cylindrical coils (Fig. 51)) and the 
one with flat coils (Kig.51). Both types of winding can be used 
with any of the three kinds of magnetic circuit which are used 
with transformers (Figs. 12, 13, and H). 

The problem of calculating the leakage inductance, according 
to the fundamental formula (10(1), is reduced to that of finding 
the permeances of the individual paths of the leakage flux. It 
would lie out of the question here to determine the actual paths 
and to express their permeances mathematically. Therefore, in 
accordance with Dr. Kupp’n proposal,* simplified paths arc 
assumed, shown in Fig. 50 to the right. The inductance so 
calculated is corrected by an empirical factor, obtained from 
experiments on transformers of similar type and proportions* 

1 G. Kapp, Tmmformm (1908), p. 177, 
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The simplifying assumptions are (a) that the paths within and 
between the coils are straight lines, and (6) that the reluctance 
of the paths in the space outside the coils is negligible, because 
the cross-section of these paths is practically unlimited. 

(1) Cylindrical Coils. We shall calculate first the primary 
inductance of a transformer having cylindrical coils, i.e., the 
inductance due to the linkages of the leakage flux with the 
primary winding. The permeance of the path of the complete 
linkages is (p cl = //.a 1 0 m /2^ perms, where 0 m is the mean length, 
of a turn in the coil P, and a x is the radial thickness of the flux. 
The notation is shown in the detail drawing, at the bottom of Fig. 
50. In this expression aiO m is the mean cross-section of the 
path, being an average between the cross-sections within the 
spaces Px~Si and P 2 -S 2 * The length of the paths within the 
coils is 2Z, and the reluctance of the paths outside the coils is 
neglected. This path is linked with n x turns. 

Similarly, the permeance of an infinitesimal annular path 
within the primary coil, at a distance x from its center, and 
of a width dx } is dCP pl = ptO m dx/2l perms. This path is linked 
with n pX = n 1 (2x/b 1 ) turns. Substituting these values into eq. 
(106) we obtain 

L x = (jjnfOn/21) [<*! +j‘ o ii \2x/b 1 )Mx], 
or 

L x = (pn 1 2 O m /2l) (a x + $ 1 ) perms.(141) 

By a somewhat similar reasoning we should find for the com¬ 
bination of the two secondary coils, assuming them to be connected 
electrically in series, 

L 2 = ( fin 2 2 O m /2l ) (a 2 + \b 2 ) perms.(142) 

In the operation of a transformer it is the total equivalent 
inductance of the two windings reduced to one of the circuits 
that is of importance. Since resistances and reactances can be 
transferred from the primary circuit to the secondary or vice 
versa , when multiplied by the square of the ratio of the numbers 
of turns (Art. 446), the equivalent inductance, reduced to the 
primary circuit, and per leg of the core, is 

L^^ + inJn^) 2 ^ 

= k(txn l 2 0 m /2l) [a+J(6i +6 2 )]10“ 8 henrys. . (143) 
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All the lengths here are expressed in centimeters, and /*—1.257, 
also a««! 4 <t 2 is the sparing between tlu* roils, which is a known 
quantity. Thus, the unknown distances and a 2 which enter 
into the expressions for L x and L 2 are eliminated from the 
formula for the equivalent inductance. 

The coefficient k corrects for the difference between the 
actual linkages shown in Fig. At) at the left, and the assumed 
linkages shown at tin* right. The values of k\ found from experi¬ 
ments, vary within quite with* limits, depending upon the pro¬ 
portions of the coils. For good modern transformers Arnold 
gives the limits of k between (U)o and I.Ood See also tap (147) 
below. Formula (I4H) gives tin* inductnnee of one leg only; 
the equivalent, inductance of the whole transformer depends 
upon the electrical connections between the coils. 

In designing a transformer the coils art' usually arranged 
in such a way as to reduce the leakage reactance to the least 
possible amount. 2 Ftp (14,4) shows that in order to achieve 
this muilt, a comparatively small number of turns must be used, 
and the coils must be thin and long. The span' a between the 
coils must be kepi as small as is compatible with the require¬ 
ments for insulation and cooling. 

The usual arrangement of coils shown in Fig, AO gives a 
considerably smaller leakage inductance than tin* simpler arrange¬ 
ment shown in Fig. 12. Namely, with the arrangement shown 
in Fig. 12, the permeance of the path of the complete linkages 
in the space between the coils in fia x O m iL This expression 
differs from that used before in that l stands in the denominator 
in place of 2L For the partial linkages n» ^ n x (x/hj), where 
x is measured now from the edge' of the primary coil, furthest 
from the secondary coil Thus, the primary inductance is in 
this case 


»• £ 6 V/M a ^]. 

or 

Li «* (cq + §&j). 

By symmetry we can write the expression for and hence, 

1 E. Arnold Wechaehtromtexhnik (2d edition), Veil. 1 ., p. 561. 

2 In some cases a considerable leakage reactance is t§j willed m a protection 
against violent short circuits. 
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after combining, 

—*( jt£n x 2 O«/0 [a + i ( 6 X + 62 )] 10^, . . . (144) 

This value is between two and four times as large as the 
value given by eq. (143). For this reason, in most transformers, 
the low-tension coil is split into two sections; compare also with 
Fig. 14. 

Formula (143) and the values of k given above have been 
deduced for the core-type transformer. It is clear, however, 
that the same formulae will apply to the shell-type and the cruci¬ 
form type transformers with cylindrical coils, though the coeffi¬ 
cient k may have different values in each case. Until more 
reliable and numerous experimental data are available the same 
values of k will have to be used for these types as for the core¬ 
type . 1 

( 2 ) Flat Coils . With flat coils (Fig. 51) the inductance of 
a part of the winding between AB and CD can be calculated 
in precisely the same way as in Fig. 50. If the primary winding 
is split into q sections, the inductance per section, by analogy 
with eq. (143), is 

L eq /q=k[fx(n 1 /q) 2 O m /2l][a + l(b l -\-b 2 )]10- s henrys, . (145) 

where the dimension l is again measured in the direction of 
the lines of force and O m is the mean length of a turn. The 
dimensions a, 6 1; and b 2 are indicated in Fig. 51. The inductance 
of the whole winding is 

+ henrys, . . (146) 

where all the lengths are expressed in centimeters, and 1.257. 

This formula presupposes that the m.m.fs. are balanced, or 
in other words, that there are two half-sections of the same 
winding at the ends; such is usually the case in order to reduce 
the leakage reactance. (See also Fig. 13.) 

Eq. (146) shows that the leakage reactance is considerably 
reduced, and consequently the voltage regulation improved, by 
subdividing the windings and placing the primary and the 

1 See also the Standard Handbook for Electrical Engineers under Trans¬ 
former, leakage reactance. 
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secondary windings on the core alternately. At a given voltage, 
and with a given typo of construction, the sparing a between 
the coils may be considered as constant and independent of the 
number of sections. In transformers for extra-high voltages a 
is large as compared to J (b x I /*»), * so that the leakage reactance 
is almost inversely proportional to the number of sections q. 
In low-voltage transformers a is small as compared to b x and 
b 2 ; hence, L vn is almost inversely proportional to q-, because 
b x and b 2 are themselves inversely proportional to q. Thus, 



Fig . 51 .—The leakage field in a transformer with flat coils. 


in general, the inductance of a transformer is inversely pro¬ 
portional to q n , where n has a value between 1 and 2d 

Dr. W. Rogowski has given an exact mathematical solution 
for the flux distribution in the case of flat transformer coils, 
assuming the coils and the core to be indefinitely long in the 
direction perpendicular to the cross-section shown in Fig. 51. 2 

1 For experimental data in regard to the effect of the huIkII vision and 
arrangement of transformer windings upon the leakage reactance see Dr. W. 
Rogowski, MiUeilungen Ueber Forachungmrbeiten , Heft 71 (Springer, 1909), 
p. 18, also his article Ueber die Streuung des Transformators, Elektrotechniache 
Zeitachrift, Yol. 31 (1910), pp. 1035 ami 1009; also Faceted, Reactance of 
Shell-type Transformers, Electrical World, Vol. 55 (1910), p. 941. 

3 Dr. W. Rogowski, loc. cit. 






Chap. XII] 


INDUCTANCE OF WINDINGS 


215 


With certain simplifying assumptions he arrived at the same 
formula for inductance as eq. (146) in which approximately 

k=l-Q> l + b 2 + 2a)/{2nl). 

Because of the simplifying assumptions made in the deduc¬ 
tion of this formula, the values of k calculated from the results 
of tests on actual transformers differ slightly from those given 
by the formula. Let k' be an empirical correction coefficient, 
then 

k^k f [ 1 — (&! +b 2 + 2a) / (2^Z) ].(147) 

In Dr. Rogowski’s experiments the actually measured induct¬ 
ance was on the average 6 per cent higher than the calculated 
one. Until more experimental data are available it is therefore 
advisable to use in eq. (147) the value of A'=1.06. Eq. (147) 
is applicable to transformers of all the three types (Figs. 12 to 
14), though in the case of a shell-type or cruciform transformer, 
the presence of iron outside the coils tends to increase the value 
of k\ However, Dr. Rogowski states, that with the space usually 
allowed for insulation between the coils and the iron, the influence 
of the iron in increasing the leakage reactance is negligible. Eq. 
(147) holds approximately true for cylindrical coils also, though 
there are as yet no conclusive tests for the value of the cor¬ 
rection factor to be used with such coils. 

The general similarity between the equations for leakage induct¬ 
ance given above raises the question, as to what element they 
possess in common. This is found in the conception of a leakage 
coil, which is the “ fictitious coil ” spoken of above. An inspec¬ 
tion of Figs. 50 and 51 will show that the successive lines of 
force converge upon lines which may be called the “ hearts ” 
of the flux system. These hearts are located in places where 
the net m.m.f. is zero. This is at the edge of the half-coils and 
at the center of the whole-coils, in the two figures mentioned. 
In deriving eq. (144) for the case where the coils are not split, 
the heart is assumed to be at the edge of both coils. If we 
define a leakage coil as that part of the winding between two 
successive hearts, then eq. (144) will always apply to it. In 
eq. (143) \ and b 2 refer to the width of the double leakage coil, 
hence if we substitute in eq. (144) %bi and %b 2 for 6 X and h, 
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we get the coefficient l, which appears in eq. (143). In eq. 
(143) n x and L eq refer to the double leakage coil. Substituting 
in eq. (144) \n x for n x and \ L eq for L eq , we get eq. (143). Thus, 
the differences between the two equations is readily explained. 
In case the coils are divided in any unusual manner, we must 
first locate the hearts by noticing where the m.m.fs. are balanced. 
Then we should figure out the inductance by eq. (144) for each 
leakage coil separately. The only precaution to be observed is 
that the various quantities refer to the leakage coil. Finally 
(if the coils are in series) we should add the various induct¬ 
ances together. The arrangement with half coils on the ends 
gives the minimum of inductance for a given number of coils. 

Prob. 1. The approximate assumed dimensions of a 15-kva., 2200/110 
v., 60-cycle, cruciform-type transformer with cylindrical coils (Fig. 14) 
are: 0 m = 140 cm.; bi = 4.5 cm.; & 2 = 3 cm.; a = 1 cm. The maximum 
useful flux is 1.03 megalines. Show that the relationship between the 
height l of the winding and the percentage reactive voltage drop is 
xl — 164. Assume h — 1.10. 

Prob. 2. Referring to the preceding problem, what is the permeance 
of the space between the outside low-tension coil and high-tension 
coil, per centimeter of the height of the coils, and what is the effective 
value of the flux density in this space, at full load? 

Ans. 197.5 perms per cm., 3420/Z lines per sq. cm. 

Prob. 3. Each leg of a core-type transformer is provided with six 
flat high-torsion coils of 530 turns each, interposed with the same 
number of low-tension coils of 40 turns each, one of the low-tension 
coils being split in two and placed at the ends. The high-tension coils 
are wound of 3 mm. round wire, 53 layers, 10 turns per layer « 3 cm.); 
the low-tension coils are wound of 8 mm. square wire, in 20 layers, 2 
turns per layer (b 2 = 1.6 cm.). The distance between the coils is 20 mm. 
Taking the inductance of this transformer to be unity, calculate the 
relative inductances of the transformer when the high-tension winding 
is divided into three coils and also into two coils, assuming k, l, and a 
to be the same in all cases. Ans. 2.55; 4.66. 

Prob. 4. Solve the preceding problem, taking into account the 
change in Ans. 2.42; 4.14. 

Prob. 5. The following results were obtained from a short-circuit 
test on a 22/2-kv., 2500-kva., 60-cycle, shell-type transformer, with 
flat coils: With the high-tension winding short-circuited, and full rated 
current flowing through the low-tension winding the voltage across 
the secondary terminals was 73.5 v., and the wattmeter reading was 
27 kw. The transformer winding consists of 12 high-tension coils of 
100 turns each, and of 11 low-tension coils interposed between the 
high-tension coils, together with 2 half-coils at the ends. The dimen¬ 
sions of the coils are: 0 m = 2.6 m ,;l = 18cm.;5i = 16 mm.; b 2 ® 10 mm.; 
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a = 12 mm. Calculate the correction factor k' in formula (147). Hint: 
Eliminate the ir drop, using the wattmeter reading. Ans. About 1.06. 

Prob. 6. What is the greatest permissible thickness of the coils 
of a 60-cycle transformer, if the reactive drop must not be larger than 
three times the resistance drop? The ducts a are 1 cm. The space 
factor of the copper in each coil is 0.55. The primary coils and the 
whole coils of the secondary are of the same thickness. fc=0.98. 
Hint: Assume O m , l, and n x and show that they cancel out. 

Ans. 6 = 2.3 cm. 

Prob. 7. In order to provide a better cooling, and at the same 
time save on insulation, two flat high-tension coils are frequently placed 
side by side, with a small air-space in between, and in the same way 
the low-tension coils may be subdivided. Show that no leakage flux 
passes in the space between the two adjacent coils which belong to 
the same winding, so that the inductance of the winding is not appreciably 
increased by these spaces, and can be calculated as if these spaces did 
not exist. 1 

Prob. 8. Compare the formulae given above and the numerical values 
of transformer leakage reactance obtained therefrom with the formulae 
and data given in the Standard Handbook for Electrical Engineers. Do 
this for any transformer, the dimensions of which are available. 

Prob. 9. The equivalent reactance of a transformer is x x reduced 
to the primary circuit, and is x 2 reduced to the secondary circuit. All 
the primary coils are connected in series, and all the secondary coils 
are also in series. Show that these equivalent reactances become 
Xi/Ci 2 and x 2 /c 2 2 respectively, when the primary winding is divided 
into Ci branches in parallel, and the secondary winding is divided into 
c 2 branches in parallel. The division is supposed to be made in such 
a way as to keep the m.m.fs. in the adjacent coils balanced. Hint: 
If the equivalent reactance of one primary branch is x x , that of c x 
branches in series is x x — XiC 2i and that of c x branches in parallel is x{/c x 
no matter whether the secondary coils are connected in series or in 
parallel. 

Prob. 10. Prove that the equivalent reactance of a transformer 
is the same, whether the coils are in series or in parallel, provided that 
the total number of turns in series is the same. 

Note: Sometimes, because of the difficulty in using heavy con¬ 
ductors, it is desirable to multiple the coils. In such case, the parallel 
coils must have the same number of turns, and they should be sym¬ 
metrically arranged, so as to prevent exchange currents. 

65. The Equivalent Leakage Permeance of Armature Windings. 

In certain problems relating to the design and operation of 
electrical machinery it is necessary to calculate the inductance 

1 This fact has been verified experimentally; see Arnold, Wechselstrom- 
technik , Vol. 2 (1910), p. 29. 
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of the armature windings. 'Phis inductance affects the per¬ 
formance of the machines because the leakage fluxes created 
by the armature currents induce e.m.fs. in the machine. Such 
leakage fluxes are shown in Figs. 23 and 3d, in an induction 
machine and a synchronous machine respectively. For purposes 
of theory and computation those leakage fluxes are usually 
subdivided into three parts, namely: 

(«) Leakage fluxes linked with the parts of the windings 
embedded in the* armature iron (Figs. 3d and o f). These paths 
are closed partly through the slots, and partly through the tooth- 
tips (slot leakage and tooth-tip leakage). 

(6) Leakage fluxes linked with the parts of the armature 
windings in the air-duets. 
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(r) Leakage fluxes linked with the end-connections of the 
armature windings (Figs. 52 and 53). 

Usually the fluxes (a) and (5) are merely diatortional com¬ 
ponents of the main flux of the machine* ami only the fluxes 
(c) have a real existence. 

It will be readily seen that the paths of the tooth-tip leakage 

and of that around the end-connections are too complicated 
to allow the corresponding permeances to be calculated theo¬ 
retically. For this reason, various empirical and semi-empirical 
formulas arc used in practice for estimating tin* leakage inductance 
of armature windings, the coefficients in these formula being 
determined from tests on similar machines* 

The most rational procedure is to express ilia inductance 
through the equivalent permeance of the paths, its defined by 
eq. ( 106 a) in Art. 58. Let there be Cpp conductors per pole 
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per phase, such as are indicated for instance in Fig. 15. Then the 
inductance of a machine, per pole per phase, is given by the 
equation 

f-'pp ~ f cqt . (148) 

where <P„, is an empirical value of the equivalent permeance per 
pole per phase. This formula presupposes that all the partial 
linkages are replaced by the equivalent complete linkages embrac¬ 
ing all the C„p conductors. Moreover, the value of (? eq is such 
as to take into account the inductive action of the other phases 
upon the phase under consideration. The total inductance of the 
machine, per phase, depends upon the electrical connections in 
the armature winding. If all the p poles are connected in series, 
the foregoing expression for L vv must l)e multiplied by p; if there 
arc two branches in parallel, the inductance of each branch is 
\pL P p, and the combined inductance of the whole machine is 
\Qtphpj>) — \V^ J vv 

The leakage inductance of a machine is usually determined 
by sending through it an alternating current of a known fre¬ 
quency, under conditions which depend upon the kind of the 
machine (the field to be removed in a synchronous machine, and 
the armature to be locked in an induction machine). From the 
readings of the current of the applied voltage and the watts 
input, the reactance x of the machine is calculated (after elim¬ 
inating the ohmic drop). Then, knowing the frequency / of the 
supply and the number of poles of the machine, the inductance 
Jj VP —x/{2vfp) per pole is calculated. Substituting into eq. 
(148) this value of L pp and the known number of conductors 
C pp , the equivalent permeance <P„ per pole per phase is deter¬ 
mined. By performing such tests on machines built on the 
same punching, but of different embedded lengths, the permeance 
due to the embedded parts of the winding is separated from 
that due to the end-connections; the values so obtained are then 
used in new designs. 

The leakage permeances in the embedded parts are pro¬ 
portional to the widths of these parts in the direction parallel 
to the shaft, in other words, to the length of conductors which 
are surrounded by the leakage lines. Experiment shows that 
the permeance of the paths in the air-ducts and around the 
end-connections is also approximately proportional to the lengths 




220 


THK MAGNETIC 1 CUiCVIT 


[Art. 65 

of the corresponding parts of the armature coils. Since all these 
permeances are in parallel, r/% is equal to their sum, or 

.... (149) 

Here the letter l denotes the lengths in cm. of the coil, or, what 
is the same thing, the width of tho paths of flux. The subscripts 
% } a, and e refer to the iron, the air-ducts, and the end-connections 
respectively. Thus, 4 is the semi-net length of the core, that is, 
the length exclusive of ducts but inclusive of the space between 
the laminations. 1 The corresponding permeance per centimeter is 
(P/. The sign “prime ” signifies that the corresponding (P’$ refer 
to one centimeter width of path. 

The coefficient a is equal to 1 when the end-connections 
are arranged as in Fig. 52, and a ^ § when they are arranged 
according to Fig. 53. Namely, in the first ease the number of 
conductors C € per group of the end-connections is equal to the 
number C PP in the embedded part. In the second ease C e is 
equal to \C PP . Jn the first ease there are as many groups of 
end-connections per phase as there are poles; in the second 
case there are twice as many groups per phase as there are poles, 
so that two groups (one pointing to the right and one to the left) 
must be counted per pole. Thus, with undivided end-con¬ 
nections, the inductance is Cpp 2 (P/l f , while with divided end- 
eonnections it is (IC PP ) 2 (P/.21^^ C PP 2 . This accounts for 

the value of a - §, in formula (14!)), and shows that the inductance 
due to the end-connections is reduced twice by subdividing 
them into two groups. Wheat estimating the leakage reactance 
it is therefore necessary to know the exact arrangement of the 
end-connections. 

In preliminary calculations, before the armature coils are 
drawn to scale, the length 4 of the end-connections in a full- 
pitch winding is usually assumed to be equal to about 1.5r, where 
r is the pole pitch. For fractional-pitch windings, 4 varies 
roughly as the winding-pitch, or (see Art. 29), 

* The semi-net length is used in getting the leakage gmrmc&nce in the 
slot, because the flux spreads as it comes out of the iron almost immediately. 
The spaces between the laminations do not affect the density in the air 
because they am so small iw compared to the dimensions of the slot. 
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Substituting the value of <p,. n from oq. (149) into cq. (148) 
we obtain 


+ -l-«<p;0l0-8henrys. . (150) 

In the following three articles formula (150) is applied to 
the calculation of the leakage reactance of 

(a) Induction machines; 

( b) Synchronous machines; 

(c) Coils undergoing commutation in a direct-current machine. 

In each case somewhat different values of the unit permeances 

CP' are used, because, of the diversity of the magnetic paths. 

66. The Leakage Reactance in Induction Machines. It is 

explained in Art. 35 and shown in Fig. 23 that the actual flux 
in a loaded induction machine is the resultant of three fluxes, 
of which the useful flux 0 is linked with both the primary and 
the secondary windings. The component fluxes <I> 1 and 0.,, 
linked with the primary and secondary windings respectively, 
are called the leakage fluxes. They induce in the windings e.m.fs. 
in quadrature with the corresponding currents, and these e.m.fs. 
have to be balanced by a part of the terminal voltage. Con¬ 
sequently, that part of the applied voltage which is balanced by 
the useful flux is reduced; in other words, the useful flux and 
the useful torque are reduced with a given current input. As 
a matter of fact, the maximum torque and the overload capacity 
of an induction machine are essentially determined by its leakage 
fluxes, or what amounts to the same thing, its leakage inductances. 

Knowing the primary and secondary leakage reactances, the 
actual induction machine is replaced by an equivalent electric 
circuit (or a circle diagram is drawn for it), after which its 
performance can bo predicted at any desired load. The problem 
here is to determine the values of these leakage reactances and 
inductances, from the given dimensions of a machine. The 
rest of the problem is treated in the Electric Circuit. 

The leakages fluxes, which are indicated schematically in 
Fig. 23, are shown more in detail in Fig. 54. The primary 
conductors in one of the phases and under one pole arc marked 
with dots, and the adjacent secondary conductors are marked 
with crosses, to indicate the currents which are flowing in them. 

Assuming the rotor to be provided with a squirrel-cage 
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winding, the distribution of the .secondary currents is prac¬ 
tically an imago of the primary currents. Neglect mg the mag¬ 
netizing ampere-turns necessary tor establishing the main or 
useful flux the secondary ampere-turns per pole per phase are 
equal and’opposite to the primary ampere-turns. A similar 
assumption is also made in t he preceding aiticle, in the case of 
the transformer. This assumption is not as accurate in the 
case of an induction machine, because here the magnetizing 
current is proportionately much larger, due to the air-gap; 
nevertheless, the assumption is sutlieiently accurate for most 



Fid. 54.—The slot and zig-zag leakage fluxes in an induction machine. 


practical purposes, Kven if the magnetizing current is equal 
to Hay 25 per cent of the full-load current, the difference between 
the primary and the secondary ampere-turns sluaihl he less 
than 10 per eent, bemuse the magnetizing current is considerably 
out of phase with the secondary current. 1 

With this assumption, the primary and the secondary current 
belts shown in Fig. 51 may be considered ns t wo sides of a narrow 
fictitious coil which excites the leakage flux, causing it to pass 
circumferentially along the active layer. 8 Neglecting the mutual 

1 See the circle diagram of an induction mol or, for instance, in the author’s 
Experimental Electrical Engineering^ Vol. 2, p. ML. t 

3 Although the secondary frequency in different imm the primary, with 
respect to the revolving rotor it in the t mm m the primary frequency with 
respect to the stator. Let h In the slip oxprewicxi m a fraction of the primary 
frequency. Then the speed of the rotor is (l -*), and the frequency of the 
secondary currents with respect to a fixed point on the stator m * f (1 «-#)-!. 
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action of the consecutive phases, the length of this flux is approx¬ 
imately t/m, where r is the pole pitch and m is the number 
of the stator phases. Part of the flux is linked with the primary 
current belt, and part with the secondary belt. The conditions 
are essentially the same as between the transformer windings 
Pi and $i in Pig. -50. Knowing the equivalent permeances 
of the individual paths the inductance can be calculated from 
eq. (.150). 

In an induction machine with a squirrel-cage rotor the total 
leakage in the embedded part may be resolved into three com¬ 
ponents shown in Fig. 54, namely: 

(1) The primary slot leakage, 4> n ; 

(2) The secondary slot leakage, <D 82 ; 

(3) The tooth-tip or zigzag leakage, 0 2 . 

The fluxes 0 8l and <I> 8 <> are alternating fluxes of the frequency 
of the corresponding currents. The zigzag flux ® z varies according 
to a much more complicated law, because the permeance of its 
path changes from instant to instant in accordance with the 
relative position of the stator and rotor teeth; compare posi¬ 
tions (1) and (2) in Fig. 23. Moreover, Fig. 54 shows only the 
simplest case, which never occurs in practice, namely; when 
the stator tooth pitch is equal to that in the rotor. In reality, 
the two pitches are always selected so as to be different, in order 
to avoid the motor sticking at sub-synchronous speeds (due to the 
higher harmonies in the fluxes and in the currents) Therefore, 
the paths of the zigzag leakage flux are much more complicated 
than is shown in Fig. 54, and in calculations the average per¬ 
meance of the zigzag path is used. 

In a machine with a phase-wound rotor the main flux is 
further distorted, due to the fact that the primary and secondary 
phase-belts are not exactly in space opposition at all moments. 
While the total m.m.fs. of the primary and secondary arc 
balanced, there is a local unbalancing which changes from 
instant to instant. This distortion is the same as if it were due 
to an additional leakage, which was named by Professor G. A. 
Adams the belt leakage. 1 This part of the leakage usually 
constitutes but a small part of the total leakage, and will not 
be considered here separately. Those interested are referred to 

1 C. A. Adams, The Leakage Reactance of Induction Motors, Trans. 
Intern. Electr. Congress ^ St. Louis, 1904, Vol. 1, p. 711. 
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the* original paper and In tho works mentioned at the end of 
this article*. 

Lot there* be* ('pin conductors per polo pen* phase* in the stator 
winding; thon tin* hot it ions coil (Mg. f> 1) made* up of the 
primary and secondary oonduotors has r m turns, when reduced 
to the* primary cireuit. "Phis is because the* secondary winding 
can he replaced by an equivalent. winding with a “one* to one ” 
ratio, that is, with the* same* number of conductors as the 
primary winding. In this ruse*, the* secondary current is equal 
to the primary ninvnt. (Art. 1 I/d. Therefore, eq, (lf>()) can 
be made* to give* the* equivalent inductance, including the pri¬ 
mary inductance* and the* secondary inductance reducc»d to the 
primary circuit, provided that the permeances of the paths 
linking with the* secondary conductors are includes! in the values 
of (P n *. Such is naturally the* ease when the* value's are deter¬ 
mined from a lost with the* rotor looked. 

Extended tests have* shown that in a given line* of machines 
the perme'anee* (P/ is inversely proportional to the* peripheral 
length of the equivalent leakage flux, that is, inversely proportional 
to (r / a/), whe*re* r is the* pole* pit<*h and m is the* number of 
primary phase's.* This shows that the* permeance per centi¬ 
meter of peripheral length of the active layer is fairly constant, 
in spite*, of difFe*ri*nt dimensions and proport ions, as long as 
these* are varied within reasonable limits. Tints 

rP/ tf\" (r /m), 

where* (P/ f is the* leakage permeance of the active layer in the 
embedded part per erne centimeter of axial length and per centi¬ 
meter of the* peripheral length of the path. Thus, the final 
formula for the equivalent leakage inductance of an induction 
machine*, per pole* per phase, reduced to the primary circuit, is 

! # f /4 ! n#// f )t<r H henrvs. (151) 

In this formula the* following average values of unit per- 
m<*ance may he* use*d for machines of usual proportions, unless 
mom accurate data are* available*, 

1 II. M. Hobart, ElvHfit Matom { 1010), tiiblc on p, The values 

for (P /' given bellow have* Ihhuh computed from thin table, ami the results 
multiplied by 2, 1k*chuho the table given the values of the primary per- 
meancoH only. 
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The equivalent permeance of the embedded part in perms 
per centimeter of the semi-net axial length of the machine, and 
per centimeter of peripheral length of the air gap, is for 

Open slots Half-open slots Completely closed slots 
11.5 14.5 18. 

The equivalent permeance around the end-connections, and 
around the parts of the conductors in the air-ducts, decreases 
with the increasing number of slots per pole per phase, for the 
same reason that the slot permeance decreased. In induction 
motors usually at least three slots are used per pole per phase, 
and under these conditions Mr. H. M. Hobart uses (P e '*=0.8 
perm per centimeter, with phase-wound rotors, and (P/ = 0.6 
perm per centimeter with squirrel-cage rotors. (P a f may be 
taken in all cases equal to 0.8 perm per cm. The lengths l e 
and l a are always understood to refer to the stator winding. 

The foregoing data refer to machines with full-pitch windings 
in the stator and in the rotor. With a fractional pitch winding 
the equivalent leakage permeances are somewhat smaller, due to 
longer phase belts and to the mutual induction of the over¬ 
lapping phases. Let the winding-pitch factor (Art. 29) of the 
primary winding be k wl and that of the secondary winding 
Then the leakage inductance of the machine, calculated 
for a full-pitch winding (but for Z e =1.5^r), is multiplied by 
k wl .k w2 . This is an empirical correction, which is accurate 
enough for ordinary practical purposes. In reality, of two 
machines designed for a given duty, one with a fractional pitch 
winding and the other not (but otherwise both alike) the first 
often has a higher inductance than the second. This is because 
more turns are required with the fractional pitch winding, if the 
flux densities in the iron and in the air-gap are to be the same 
in both cases, 1 

With the data given above the calculation of the leakage 
reactance of a given induction motor is quite simple, and one 
engaged regularly in the commercial design of induction-motors 
can obtain sufficiently accurate data for their design or for the 

1 For a theoretical and experimental investigation of the effect of a 
fractional pitch upon the leakage reactance in induction machines see 
0. A. Adams, Fractional-pitch Windings for Induction Motors, Tram. Amer. 
Imt. Elec . Engrs. } Vol. 26 (1907), p. 1488. 
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computation of thoir performance, provided that he adapts the 
numerical values of the unit permeances to each individual case, 
on the basis of his previous experience. Many authors have 
given theoretical formula 1 for the leakage* inductance of induction 
machines.! These formula 1 , curves, and methods, while useful 
in accurate work, are too elaborate to be quoted here; at any rate 
they are of interest only to a specialist- in design. Two examples 
of the theoretical calculation of leakage inductance are given 
below, in order to show the student, the general method used, 
and thus introduce him into the literatim 1 on the subject. 

(a) A Theoretical. Calculation of the Slot Leakage Permeance. 
We shall calculate the equivalent permeance for the half closed 
slot (Fig. 55), an open slot, being a special case of it. With 
the notation shown in sketch, and with S PP slots per polo per 
phase, we have: 

0V“ # 2/ f, 2 'l ? '3/ i ' , :t <7V ’t‘<lx/(x. x S, lp ) i 

and n x *= 67 ^/ 64 . Hence 

u/d(Pp |/d 1 pp^b 4 / 

0 

and 

f b:\/*u I Qb 4 f b/)/^ 4 J f S pp , . (152) 

The. equivalent permeance of one nlot, per unit of the semi- 
net axial length of the machine in 

| | q/,* | V* \\. . . . (153) 

This shown that the slot permeance depends only upon the 
proportions of the slot and not upon its absolute dimensions. 

(b) A Theoretical Calculation of the Zigzag Leakage Permeance. 
The calculation of the zigzag leakage permeance is simple only 

1 0. A. Adams, loe, n'L; al«o Tram, Amer, ImL Kim, Rngr*., Vol. 24 
(1905), p. 338; Mb, Vol. 20 (1907), p. MH8, Hobart, Kketrk Motors, 
(1910), Chap* xxi; Arnold, W tThmiulmmlmimik, VuL 5, part 1 (1909), pp. 
49-54; U. Goldschmidt, Appendix to his book cm The Alternating Current 
Commutator Motor (1909); lt» K. Ifelhmmd, Pmetisehe Berechmmg des 
HtrouimppkoefHaiontim in IntluktionHmotorvm, KUktrotmhnimhe Xmtachrift, 
Yol. 31 (1910), p. 1111 and 1140; W. Itogowmkh Zur Btrenting dot! Dreh- 
strommotora, ibid., pp. 359, 1292, and 1319, Smi also nn extensive series 
of articles by J. Itaolman in Im Lumihre Elm'trique, loginning in 1909, and in 
the (London) Electrician . 
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when the stator tooth-pitch and the rotor tooth-pitch are equal 
to each other; otherwise the paths become too complicated for 
mathematical analysis. Since the position of the secondary teeth 
varies with respect to the primary teeth, the permeance of the 
zigzag leakage also varies, and it is necessary to take its average 
value over one-half of the tooth-pitch X, that is, between the posi¬ 
tions (1) and (2) in Fig. 23. In some intermediate position (Fig. 
7)5), determined by the overlap y, the reluctance of the path/, 
per unit of semi-net axial length of the iron, is a/(yy) rels. 



Fig. 55.—The notation used in the calculation of the slot and zigzag leakage. 

The reluctance of the path g is a/y(t 2 —— jy) rels. The com¬ 
bined reluctance of / and g is equal to the sum of the foregoing 
expressions. The permeance of / and g in series, being the 
reciprocal of the combined reluctance, is 

(fy-Mh -*i -*i)- 

The permeance in question varies according to this law, for the 
positions of the secondary tooth between —&'i) and y~0 , 

the tooth moving to the left. From ?/ = 0 to 2 /== —A) the 

permeance is practically equal to zero, because the secondary tooth 
bridges over the primary slot no more. The student is advised 
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to mark the positions of tin* rotor troth on a strip of pnpor and 
to place thnn in different positions with rrsport to tiu* primary 
slot in order to sro the variations in thr ovrrlap. Thus, the 
average value of thr zigzag permeaure prr tooth pitch is 

1 tn) ,, , , 

I d// /hh„» s,)* (tinx) pcniis, (*in. (154) 

h A Jo 

Prob. 11. Draw a sketch similar to Fig, 54, hut with the rotor 
tooth-pitch <litlcrcnt from that in the stator, ami indicate roughly the 
general character of the paths of the zigzag leakage. 

Prob. 12. Show that increasing the number of slots per pole in a 
given machine does not alter materially the slot leakage, hut reduces 
considerably the zigzag leakage. 

Prob. 13. Calculate the equivalent leakage inductance per phase 
of a three-phase, 10-pole induction machine, with 15 slots per pole in 
the stator, and a phase-wound rotor. Doth windings have 100 per 
cent pitch, the slots are seml-closcti on both punching*, the individual 
stator coils in each phase arc connected in series, and there are 20 con¬ 
ductors in each stator slot. The bore of the machine is 1 Idem., the gross 
length of the core is 30 cm.; then* are three vents of H mm. each. The 
end-connections are arranged according to Fig. 52. Ann. 78,1 mh. 

Prob. 14. The design of the machine in tin* preceding problem 
has been modified in the following respects: The rotor is provided 
with a squirrel-cage winding, the winding pitch in the stator is shortened 
to 80 per cent, the stator slots are made open, and the end connections 
are divided, as in Fig. 53* What is the inductance of the machine? 

Ann, 40.3 mh. 

Prob. 15. ('heck the values of 0*/' given in tin* text above with 
those in Hobart’s table. 

Prob. 10. For the usual limits of proportions of slots, teeth, and 

air-gap calculate the values of 
from eqs, (153) and (154) and com¬ 
pare the results with the average 
experimental values given in this 
text. 

Prob. 17. Calculate the equi¬ 
valent leakage permeance of a round 
slot (Fig, 50), assuming the con¬ 
ductors to completely fill it, ami 
the lines of force to 1 m straight lines. 
Hint: Select the angle a m the inde¬ 
pendent variable, and Integrate eq. 
000 ) ladween « 0 and a - %. 

See Arnold, WechwHmmtrehnik\ Vol, 4 0004), p, 44. 

Aim, A 1 / - /#t(M123 * bfn) perms per cm. 


"-♦"I h F*> 



Fxo. 56.—A semi-closed round slot, 
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67. The Leakage Reactance in Synchronous Machines. The 

physical nature of the armature reactance in a synchronous 
machine is explained in Art. 46; the influence of this reactance 
upon the performance of a machine is shown in Figs. 37, 38, 40, 
and 41. The problem here is to calculate the numerical value 
of this reactance for a given machine, using eq. (150) with 
empirical coefficients CP '. 1 

It may also be stated here that for standard machines, partic¬ 
ularly in preliminary estimates, the ix drop is sometimes taken 
as a certain percentage of the rated voltage of the machine 
instead of estimating the inductance from formula (150). In 
synchronous generators the ix drop at the rated volt-ampere 
load varies from 5 to 10 per cent of the rated terminal voltage. 
In synchronous motors, where some inductance is useful, the 
ix drop ranges from S to 15 per cent of the rated voltage. For 
00 -cycle machines, and for machines with a comparatively large 
number of armature ampere-turns, values must be taken nearer 
the higher limit. For 25-cycle machines, and for machines 
with a comparatively small number of armature ampere-turns, 
values must be taken nearer the lower limit. A considerable 
error in estimating the value of ix has but little effect upon the 
calculated performance at unity power factor, because the vector 
ix is then perpendicular to e (Figs. 37, 38, 40 and 41). However, a 
considerable error may be introduced at lower values of the 
power factor if the reactive drop ix has not been estimated 
with a sufficient accuracy. 

The values of 6 >f for synchronous machines arc different 
from those given above for induction machines, because of the 
absence of any secondary current-belts. Parshall and Hobart 2 
give the following values for CP/: 

1 For a theoretical calculation of the coefficient CP', see Arnold, Wechsel- 
stromtechnik, Vol. 4 (1904), pp. U -52; Hawkins and Wallis, The Dynamo, 
Vol. 2 (1909), pp. 901 904. For a comparison between the calculated and 
actually measured values son an extended series of articles by J. Rezclman 
in La Lumitre Electrique, 1909-19U, and in The (London) Electrician, 

% Electric Machine Design (1900), p. 478. These values are corroborated 
by those obtained by Picholmayor; see his Dynamobau, 1908, pp. 208 and 
504. Piehelmayer's values for (P/ (which he denotes by £) are somewhat 
high because the end-connection leakage is not considered separately. 
Arnold's values, given in his WecimMromtechniJc, Vol. 4, p. 280, should be 
used with discretion, because they apply to a different formula; namely, 
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Uni-coil windings in open slots .... 3 to G perms per cm. 

Thoroughly distributed windings in 

open slots. 1.5 to 3 u 

Uni-coil windings in completely 

closed slots.. . . 7 to 11 u u 

Thoroughly distributed windings in 

completely closed slots.. 3 to G u u 


The much larg(‘r values of rp/ for dosed slots, as compared 
to those with open slots, were to be expected because the bridge 
which closes the slot offers n path of high permeance. The 
lower values for windings distributed in several slots per pole 
per phase*, as compared to uni-slot windings, an* due to the 
fact that the partial linkages become more and more pronounced 
as the winding is distributed into a larger number of separate 
coils, and also because tin* length of tin* paths is greater. This 
is somewhat analogous to splitting a transmission line into two 
or more lines; see prob. 21 in Art. Gl. Tin* greatest reduction 
in the value of the inductance results when the number of slots 
is increased from one to two; a further subdivision is of much 
less importance. For instance, if tin* permeance (Pf with a 
uni-slot coil is 7, then dividing the same eoil into two slots 
reduces the permeance to less than 5. On the other hand, a 
change from four to five* slots per phase per pole would hardly 
reduce the equivalent permeance more* than from say 3.5 to 3.4. 
The data in the tabic* above* give* rather a wide* range* from which 
to select a value of (P/ for a particular machine*, and the designer 
must exercise his judgment m to whether his machine will have 
a permeance nearer the upper or lower limit. This judgment 
comes with experience, by comparing the predicted performance 
of machines with that actually observed. 

The values of (P a * and 6*/ depend upon the number of coils 
per group, in other words, upon the number of slots per pole 
per phase. Until more accurate anti detailed data are available, 

ho considers separately the equivalent fatrinetioct* (P 9 of mtth dot, instead 
of the group of slots per pole per phase. Thus, httt formula for the leakage 
inductance per pole, with our notation, k l*pp**Spp<\*(P M , where 8 PP k 
the number of slot® per pole per phase, and V a k the number of armature 

conductors per slot. The values of unit permeance, which he gives and denotes 
by A, refer to this formula. 
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we shall assume = <P a ' ; and use the following values, based 
upon Mr. Hobart's experiments: 1 

Number of slots per pole per phase .1 2 3 more than 3 

(Pc = &</> 111 P ornKS P er centimeter ..0.8 0.7 0.6 0.5 

With a fractional-pitch winding the inductance is some¬ 
what reduced (see the end of the preceding article). As an 
empirical correction, the inductance calculated for a full-pitch 
winding may be multiplied by the winding pitch factor k w . 

The leakage reactance of the armature cannot be calculated 
from a short-circuit test, because the short-circiut current is 
essentially determined by the direct armature reaction. A 
difference of 50 or even 100 per cent in the armature reactance 
would change the short-circuit current by only a few per cent. 
A much closer approximation is obtained from the so-called 
air-characteristic. 2 Namely, it has been found by pumerous experi¬ 
ments that the armature inductance, when the field is revol¬ 
ving synchronously, is nearly equal to the armature inductance 
with the field completely removed, and the armature supplied 
with alternating currents from an external source. The air- 
characteristic is the relation between the current and the voltage 
under those conditions. Eliminating the ohmic drop, the induct¬ 
ance of the machine is easily calculated, and the value so found 
can be used in the prediction of the performance of the machine, 
Such an air-characteristic is easily taken in the shop or in the 
power house before the machine is completely assembled. From 
the three observed curves, namely, the no-load saturation curve, 
the short-circuit curve, and the air-characteristic, the perform¬ 
ance of a synchronous machine at any load can be predicted 
to a considerable degree of accuracy. 

Prob. 18. What is the inductance per phase of a 6-pole, 3-phase, 
turbo-alternator, the armature of which has the following dimensions: 
Boro, 1.2 m., gross length of core, 1.2 m., 20 air-ducts of 1 cm. each, 
90 open slots? There are 8 conductors per slot, the winding is of the two- 
layer type, the winding pitch is 11/15. Assume <P/« 2.5 perms /cm. 

A ns. 24.3 mh. 

Prob. 19. The inductance of the machine specified in the preceding 
problem was determined experimentally (from an air-characteristic), 

1 Journ. Inst . Electr. Eng. (British), Vol. 31, pp. 192 ff. 

3 Picholmayer, Dynamobau (1908), p. 207. 
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and compared to that measured on a similar machine, the gross length 
of the core of which was 80 cm. and which was provided with 12 ducts 
of 1 cm. each. The equivalent leakage permeance of the shorter machine 
was found to be 30 per cent less than that of the other machine. What 
are the actual values of GY and GY(-GY) for both machines? 

Ans. <3Y=2.46, GY * GY *0.56 perm/cm. 

Prob. 20. An alternator has 3 slots per phase per pole, and the 
equivalent permeance is GY-1.8; GY *0.6. What would be the value 
of the same constants per slot? Ans. 5.4 and 1.8. 

Prob. 21. A 3-phase alternator has 4 slots per phase per pole. 
If the coils were connected up for a 2-phase machine without change 
what would be the ratio of the new L to the old? Ans. 3:2. 

68. The Reactance Voltage of Coils undergoing Commuta¬ 
tion. Let Fig. 57 represent a part of the armature winding 
and commutator of a direct-current machine, with two adjacent 
sets of brushes. During the interval of time when an arma¬ 
ture coil, such as CD, is short-circuited by a set of brushes, 
the current in the coil is reversed from its full value in one 
direction to an equal value in the opposite direction. The coil 
is then said to undergo commutation. 

Under unfavorable conditions this reversal of current is 
accompanied by sparking between one of the edges of the brushes 
and the commutator. Unless a machine is provided with inter- 
poles, its output is usually limited by this sparking at the com¬ 
mutator. It is of importance, therefore, to have a practical 
criterion for judging the quality of commutation to be expected 
of a given machine. Numerous formulae and methods have 
been proposed for the purpose; all rational formulae contain, 
as a factor, the inductance of the coils undergoing commutation, 
because this inductance determines essentially the law according 
to which the current is reversed with the time. For this reason, 
the subject of commutation is treated in this chapter, under the 
general topic of the inductance of windings. The method of 
calculation of the inductance and the criterion of commutation 
given below are due to Mr. H. M. Hobart. 1 

A description of the phenomenon of commutation. The phenom¬ 
enon of commutation may be briefly described as follows: 
Let, for the sake of explanation, the armature and the commu- 

1 See Hobart, Elementary Principles of Continuous-Current Dynamo Design 
(1906), Chap. 4; also Parshall and Hobart, Electric Machine Design (1906), 
pp. 171-194. 
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tator be assumed to be stationary, and the brushes revolving in 
the direction of the horizontal arrow, shown in Fig. 57. Let 
the machine be provided with a multiple winding (lap winding), 
so that there arc as many armature circuits and sets of brushes 
as there arc poles. The current through each armature branch 
is, therefore 

h-I/p, .(155) 

where / is the total armature current and p the number of poles. 



Direction of motion 
of the brushes 

Fra. 57.—Part of the armature winding, commutator, and brushes in a 
direct current machine. 

At each sot of brushes two branches of the armature winding 
are connected in parallel, so that the current through each set 
of brushes is equal to 2 l x With reference to Fig. 57, it will 
be seen that the two armature branches, X and F, which begin 
at each set of brushes, may be called, with respect to this set, 
the left-hand branch and the right-hand branch. 
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In the position of the positive brushes just preceding that 
marked 1, the coil CD is not short-circuited, and carries the full 
current / t , being the first, coil of the* right-hand branch. The 
lead d is idle, and the total current. 2 1 { is delivered to the brushes 
through the leads r, w, ami n. In tin* position of the positive 
brushes just after that marked 2, the coil CD is again not short- 
circuited, but is carrying the full current /j in tin* opposite direc¬ 
tion, being the first coil of the left-hand brunch. 

In the positions of the brushes between l and 2 tin* coil CD 
is short-circuited by the brushes through the hauls c and d, 
and the current in the coil changes gradually from } I x to -I h 
If the coil possessed no inductance, the variation in the current 
would be practically determined by the contact resistance 
between the brush and the commutator, tin* resistance of the 
coil itself and of the hauls being negligible (with carbon brushes). 
Under these conditions tin* current in the short-circuited coil 
would vary with the time according to the straight-line law, 
and the current density under the heels and the toes of the 
brushes would Ik* the same. This is called the “ pun* resistance” 
commutation, or tin* perfect comnmtafon, because it is not accom¬ 
panied by sparking. Buch a commutation is approached in 
machines with interpoles, when the effect of the inductance is 
correctly compensated for by the commutating flux (Art, 54). 

In reality, the short-circuited coil possesses a considerable 
inductance, which has the effect of electromagnetic inertia, 
retarding the reversal of the current. Consequently, at the 
beginning of the commutation jmtiocI the lead d and the corre¬ 
sponding commutator segment do not carry their proper share 
of the current, which they would carry with a perfect com¬ 
mutation. At the end of the* commutation period the* current 
must then be reversed quickly, because the whole! current must 
be transferred from the* lead r to the* other leads. If the* inductance 
is considerable, the current in the* lend r is still of a considerable 
magnitude* when the tot! of the brush is alxmt to leave the 
corresponding commutator segment. Therefore, the* last period 
of the reversal is accomplished through the mr Iwtween the 
brush and the segment, in the form of an electric arc, This 
is known as the sparking at the brushes. Besides, during the 
last momenta of reversal, the current density under the to® 
is much higher than the average density under the brush, and 
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this high density causes a glowing at the edge of the brushes, 
making the commutation still less satisfactory. 

The average reactance e.m.f. in the coils of a full-pitch lap 
winding, For an empirical criterion of the quality of commutation 
Mr. Hobart takes the average reactance voltage induced in the coil. 
This is a reasonable criterion, because the ratio of the maximum 
voltage occurring when the brush leaves a segment to the average 
voltage, will be more or less the same in machines of usual 
design constants. Of course, the average reactance voltage 
is only a relative criterion, to be used with great discretion, 
and applied only for comparison with machines which proved 
in actual operation to commutate satisfactorily. 

Lot the inductance of an armature coil between two adjacent 
commutator segments bo L eq . The subscript eg (meaning equiva¬ 
lent) is added to indicate that the value of L includes not only the 
true inductance of the coil itself, but also the average inductive 
action of the coils which arc undergoing commutation simultane¬ 
ously with it. Let the frequency of the current in the coil under¬ 
going commutation be f cycles per second. Then the current is 
reversed in a time 1/(2/). The flux changes during this time 
from +Ij eq I t to — L eq l\ . Hence, according to the fundamental 
eq. (26), Art. 24, the average reactance voltage, which is taken 
as the criterion of commutation, is 

&av6 a=a 4/V,.. (156) 

In order to obtain a satisfactory commutation, the voltage 
e ave must not exceed a certain value, determined from actual 
experience with machines in regular operation. Mr. Hobart 
recommends values for e ave not to exceed 3 to 4 volts, provided 
that one does not depend upon the fringe flux of the main poles 
or upon interpoles to facilitate commutation. 

The inductance L ( ,„, which enters in the foregoing formula, 
is calculated according to the general formula (150), as follows: 
Assume first that there is no common flux or mutual induction 
between the coil under consideration and the other coils which 
arc simultaneously short-circuitod. Then, if q is the number 
of turns per commutator segment (in Fig. 57 q= 1) we must put 
C pv <*=q. This will give the inductance of one side of the coil, 
say C. To obtain the inductance of both sides, C and D, the 
result must be multiplied by 2, or 1^== 2L V p. 
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In reality there* is a eemnnem flux which links with the coil 
under consideration and with the other coils undergoing com¬ 
mutation at the same time. This flux is changing with the 
time, and consequently it induces additional voltages in the 
coil CD. The induced e.m.f. depends upon the relative 
position of CD and the other coils (whether in the same slot 
or in the adjacent slots) and upon the rate of change of tile cur¬ 
rent in each coil of tin* group. It- would he too complicated for 
practical purposes to take all these factors into account with 
any degree of accuracy. Theretony Hobart makes a further 
assumption, namely, that the current in nil the mils , which are 
short-circuital at the same time, caries at the same rate and that 
the whole leakage- flux is linked with all the coils of the group (Fig. 
f>7). 

Let « he the average* numlx*r of coils simultaneously short- 
circuited under a set of brushes (the actuad manlier varies from 
instant, to instant). Consider a group of mutually influencing 
conductors, such as an* shown at (' or at. D. One-half of the 
conductors in the same group an* short -circuited by the positive 
brushes, the other half by the adjacent negative* brushes. The 
total numbe*r of cedis in each group is 2s. and sine*e by assumption 
the eurremt in all of th<*m varies at the same rate*, and all of 
the* flux is linked with all of the* coils, the* equivalent inductance 
of the coil CD is 2s t,ime*s larger than if this coil we*ro alone. 
Thus for a multiple-wound armature* 

l^'ZLvr. 2« = I (PSU I h<i\'l') X 10-* henrys. (157) 

On thee basis of Mr. Hobart's tests and unt il more accurate data 
are available*, the following average* value's of the* unit jHermemnecs 
may bee used: (P/ »>•! anel (Pf O.X perms jeer centimeter. 

Thee frequency/ which enters into fe>rmula (lob) is e*aleulatcel 
as fe>lle>ws: The* time ls*twe*e*n the* pemitions l anel 2 of the brushes 
correespemels to eme*-half etf erne* cycle, lx*e*ause* eiuring this interval 
the curreent change's fiom h/ 4 to / t . ls*t r Is* the* jx'ripheral 
velocity e>f the* cemimutator, in meters is*r ser., let b 1m* the) thick¬ 
ness of tlue brushes, and // the thickne*ss of the* mica insulation 
botwemn the commutator segments, both in millimeters. The 
time) Ix'.tween the positions 1 anel 2 of the brushes is (b—b')/1000v 
seconds. Itenem 


/«500i>/<5-5') cy./sec. . 


. (158) 
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The number of simultaneously short-circuited coils varies 
periodically with the position of the brushes. Thus, in Fig. 57 
sometimes two anti sometimes three coils are short-circuited 
by one set of brushes. On the average 

(5-60/a, .(159) 

where a is the width of one commutator segment including the 
mica insulation. Thus, all the values which enter into the 
formula (150) are determined, and the reactance voltage for a 
given machine can be easily calculated. 

Formula (156) is used not only as a criterion of the commuta¬ 
tion, but also for the calculation of the flux density, under the 
interpoles where such arc required. Namely, this flux density must 
be such that the average voltage induced by the commutating 
flux is approximately equal and opposite to the average reactance 
voltage; see Art. 24. prob. 0. A still closer compensation for the 
influence of the inductance is achieved by properly grading the 
commutating flux, so as to compensate not only for the average 
reactance voltage, but also to some extent for the instantaneous 
induced c.m.fs. 

The average reactance e.m.f. induced in some other direct cur¬ 
rent windings. With two-circuit wave windings two cases must 
t)e considered, namely, (a) when the machine is provided with 
only two sets of brushes, (b) when there arc more than two sets 
of brushes. In the first case eq. (156) is used, where 

h-hh .(160) 

and L eq is understood to comprise the short-circuited conductors 
under all the poles, per commutator segment. Let there be 
again q turns per coil, that is, per unit of winding per pair of 
poles. Since the corresponding conductors under all the poles 
are in series, wo have that L CJl =*pL vp . The influence of the 
other simultaneously short-circuited coils is expressed as before 
by the factor 2s, where s is given by formula (159). Thus, for 
a two-circuit winding with two sets of brushes 

L eq - 2psqH(Pi% + (P a 'l a + \(P C %) X10" 8 henrys. . (161) 

The frequency/is given as before by eq. (158). 

When more than two sets of brushes are used, the sets of 
equal polarity are connected in parallel by the stud connections 
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outside the armature windings, and beside there are two short- 
circuiting paths through the coils undergoing commutation: a 
long path and a short path. Thus, the problem becomes 
indefinite, because it is not possible to tell the relative amounts of 
the current through these different paths. Disregarding the short 
path, the criterion becomes the same as in the case of a machine 
with two sets of brushes only. 1 This is on the safe side, and 
the commutation may be expected to be better than that cal¬ 
culated, or at the worst, as good. 

With multiplex windings, the expression for e ave is the 
same as that given above, provided that proper values are selected 
for / 1; s, and /. With regard to the latter quantity it must 
be remembered that V is much larger than the actual thickness 
of mica. Namely, with respect to the component winding under 
consideration the metal of the commutator segments belonging 
to the other component windings is equivalent to insulation. 
This fact must not be lost sight of in choosing the correct value 
for V to be used in the expression (158). 

With fractional-pitch windings the reactance voltage is smaller 
than with the corresponding full-pitch winding, because the 
conductors short-circuited under the adjacent sets of brushes 
(Fig. 57) are situated in part or totally in different slots, and 
have a smaller common magnetic flux, or none at all. When 
the winding pitch is reduced considerably, $ instead of 2s must 
be used in the preceding formulae; otherwise a value between 
s and 2s must be chosen, according to one's judgment. 2 

Prob. 22. The armature of a 6-pole, 600-r.p.m., multiple-wound, 
direct-current machine has the following dimensions: Diameter, 85 cm.; 
gross length, 22 cm.; three air-ducts, 1 cm. each; 1008 face conductors. 

1 For an analysis of this case see C. A. Adams, Reactance E.M.F. and 
the Design of Commutating Machines, Electrical World and Engineer , Vol. 
46 (1905), p. 346. 

2 For an advanced and more scientific theory of commutation, see Arnold, 
Die Gleichstromaschine , Vol. 1 (1906), pp. 354 to 513; in particular the 
approximate formula (170) on bottom of p. 498; also Vol. 2 (1907), chapter 
14. A simpler and more concise treatment will be found in Tomalen's 
Electrical Engineering. A good practical treatment will also be found in 
Pichelmayer’s Dynamobau } pp. 86-118; it is considerably simplified as 
compared to Arnold's treatment, and is accurate enough for practical pur¬ 
poses, because the numerical values of unit permeances are known only 
approximately. 
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The commutator diameter is 52 cm.; the number of segments, 252; 
the mien insulation is 1 mm. thick; the brushes are 15 mm. thick. 
What is the average reactance voltage when the total armature current 
is 320 amp.? Ans. 4.52 volts. 

Prob. 23. Show that the answer to the preceding problem would 
be nine times larger if by mistake the winding were assumed to be of 
the two-circuit type. 

Prob. 24. The peripheral velocity of a commutator is 18 meters 
per sec., the width of each segment (without mica) is 4.5 mm.; the 
thickness of the mica is 0.9 mm. The commutator is to be used in con¬ 
nection with a duplex winding. What is the smallest permissible 
thickness of the brushes if the frequency of commutation must not 
exceed 800 cycles per see.? Ans. 17.5 mm. 

Prob. 25. 1 <\>r a perfect commutation and for an imperfect one 
draw the following curves to time as abscissae: (a) the current in the 
short-circuited eoil; (5) the currents in the leads c and d; (c) the 
current densities under the heel and toe of the brush. Take the width 
of the brushes to be equal to that of one commutator segment, and 
assume the mica insulation to he of a negligible thickness. 

Prob. 26. Show that the width of the brushes has comparatively 
little net effect upon the commutation of a machine. 

Prob. 27. It is desired to compensate, by means of interpoles, the 
reactance voltage in the machine specified in prob. 22. Show that the 
axial length l p of the interpole (in cm.) and the flux density B in its air- 
gap (in kl./aq.em.) are connected by the relation Bl p ** 42.3. 



CHAPTER XIII 


THE MECHANICAL FORCE AND TORQUE DUE TO 
ELECTROMAGNETIC ENERGY. 

69. The Density of Energy in a Magnetic Field. The reader 
is already familiar with the fact that a certain amount of energy 
is required to establish the flux within a magnetic circuit, and 
that this energy remains stored in the field. This stored energy 
may be conveniently thought of as the kinetic energy of vor¬ 
tices around the lines of force (Art. 3). Various expressions 
for the total stored electro-magnetic energy are given in Arts. 
37 and 58; the problem here is to find a relation between the • 
distribution of the flux density and that of the energy in the 
field. 

Consider first the simplest magnetic circuit (Fig. 1) con¬ 
sisting of a non-magnetic material. According to the last eq. 
(99), the total energy stored in such a circuit is 

W=\9 2 l/(jiA) joules, . . . . . (162) 

if $ is in webers, l and A in cm., and n= 1.257X10 -8 henrys 
per cm. cube. The volume of the field is V=IA cubic cm. 
Since the flux density is uniform, the energy is also uniformly 
distributed, and the density of the energy is 

W/V^m/i/xA 2 ). 

Denoting the density of the energy W/V by W', and introducing 
the flux density B= <D/A, we get 

W'=iB 2 /ft joules per cu.cm. . . . (163) 

Either B or fi can be eliminated from this expression by means 
of the relation B = /±H, so that we have two other expressions 
for the density of the energy: 

W'^ifiH 2 ; . 

W'^IBH. . 


(164) 

(165) 
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Two more expressions for the density of the energy can be written, 
using the reluctivity v instea<l of the permeability p. 

In a, uniform field the preceding expressions represent the 
actual amounts of energy stored per cubic centimeter. In a 
non-uniform field IT' is the density of energy at a point, or the 
limit of the expression J IV/J V. This is analogous to what we 
have in the case of a non-uniform distribution of matter, where 
the density of matter at a point is the limit of the ratio of the 
mass to the volume. Thus, the total energy stored in a non- 
uniform field is 

lF«iv£ F /iW,.(ICO) 

whore till' integration is to be extended over the volume of the 
whole magnetic circuit. Similarly, from eqs. (164) and (165) 
we got 


W-l/tfJlPdV, . . . 

. . . (167) 

W»4 C V HBdV. . . . 

. . . (168) 


These expressions are consistent with eqs. (102) and (102a) 
as is shown in prob. 0 below. 

When ft is variable, the preceding formula) do not hold true, 
and the density of energy is represented by oq. (19), Art. 16. 

Prob. 1. Deduce an expression for the magnetic energy stored in 
the insulation of a concentric cable (Fig. 40), between the radii a and b, 
the length of the cable being l cm. and the current i. Hint: For an 
infinitesimal shell of a ratlins x and thicknesss rfnvc have: H*»i/‘htx, 
and dV-2itxl dx. Aim. W -0.2 Mi 3 log (6/a)l0- 8 joules. 

Prob. 2. ('hock the answer to the preceding problem by means 
of eqs. (104) and (109). 

Prob. 3. In a concentric cable (Fig. 40) a-7 mm. and b is 20 mm. 
What is the density of the energy at the inner and outer conductors, 

when i** 120 amp.? 

Ann, 4.68 and 0.57 microjoules per cu.cm. 

Prob, 4 Deduce expression (110) from eq. (167). 

Prob. 6 . Taking the data from the various problems given in this 
book as typical, show that ordinarily in generators and motors a large 
proportion of the total energy of the field is stored in the air-gap. 

Prob. 6. Show that eqs. (166) to (168) arc consistent with eqs. 
(102) to (103a). Solution: Take an infinitesimal tube of partial linkages 
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(Fig. 45). The energy contained in this tube is dW bM pd0 p ) but 

and d(P r BdA . Sin w ti(P is the same through all cross- 

sections of the tube, d(P can be introduced under the integral sign, and 

we have dW J j IldllidA b j HHdW the integration being extended 

over the volume of the tube. The total energy ot the circuit is found 
by extending the integration over the volume of all the tubes of the 
field. The other equations are proved in a similar manner. 

70. The Longitudinal Tension and the Lateral Compression 
in a Magnetic Field. The existence of mechanical forces in a 
magnetic field is well known to the student, lie needs only 
to be reminded of the supporting force of an electromagnet, of 
the attraction and repulsion between parallel conductors carrying 
electric currents, of the torque of an elect rie motor, etc. These 
mechanical forces must necessarily exist, if the magnetic field 
is the seat of stored energy. This is because, if we deform the 
circuit, we must in general change the stored energy and hence 
do mechanical work. The lines of force tend to shorten them¬ 
selves and to spread laterally, so as to make' the permeance of 
the field a maximum, with the complete linkages. Where there 
are partial linkages, it is the total stored energy that tends toward 
a maximum (Art. 57). This fact is entirely consistent with 
the hypothesis of whirling tubes of force, beenuse the centrifugal 
force of rotation produces exactly the same effect, that is, a lateral 
spreading and a tension along the axis of rotation. A good 
analogy is afforded by a short piece of rubier tube filled with 
water and rotated about its longitudinal axis. 

(a) The Longitudinal Tension. Consider again the simple 
magnetic circuit (Fig. 1), and let it be allowed to shrink, due 
to the. longitudinal tension of the lines of foree, so as to reduce 
its average length by J/, without changing the cross-section A. 
Let at the same time the current la* slightly decreased so as to 
keep the same total flux us Indore, I id F/ In* tin* mechanical 
tension along the lines of force, {w*r square cm. of cross-section 
A; then the mechanical work done against the external forces 
which hold the winding stretched is (F/.d) JL The density 
of energy W' remains the same lieeuusc H is the same, but the 
total stored energy is decreased by lP(d J/) t because the volume 
of the field is decreased by A JL Since the change was made 
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in such a way as to keep the total flux constant, no e.m.f. was 
induced in the winding during the deformation, and consequently 
there was no interchange of energy between the electric and 
the magnetic circuit. Thus, the decrease in the stored energy 



Fig. 58.—A lifting electromagnet. 


is due entirely to the mechanical work performed. Equating 
the two preceding expressions, we have that 

.... (169) 

If W' is in joules per cu.cm., F' t is in joulecens per sq.cm, (see 
Appendix I), so that in a rational system of units the mechanical 
stress per unit area is numerically equal to the density of the stored 
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energy . The physical dimensions of F f and \V f are also the 
name. 

If F{ is in kg. per sq.cm., B in kilolines per sq.cm., and 
II in kiloampere-turns per cm., the preceding formula becomes, 
when applied to air, 

Ft' - m/ 24.7 » IP/ 15.6.(170) 

These fonnuhe apply directly to the lifting magnet (Fig. 
58) , and give the carrying weight per unit area of the contact 
between the core and its armature. The total weight which 
the magnet is able to support is 

F t - A B*/2\,7 - A IP/ 15.0 kg., . . . (171) 

whore A is the sum of the areas denoted by and NV Of course, 
II is taken for the air-gap, which is the only part of the circuit 
that is changing its dimensions when the* armature is moved. 

(6) The Lateral Compression, IaA now the simple magnetic 
circuit be allowed to expand laterally by a small length Jr in 
directions perpendicular to the* surface 1 of tin* toroid. Let F/ 
be the pressure (compression) exerted by tin* lines of force upon 
the winding, per sq. cm, of the surface* of the* toroid. Then 
the mechanical work done by the* magnetic forces in expanding 
the ring against the external forces which hold the winding, 
is SF/Jr, where N is the surface of the toroid. Ix*t again the 
current be slightly decreased during the deformation, so as to 
keep the flux constant. No voltage is induced in the winding, 
and hence then* is no interchange* of energy lx*tweon the electric 
and the magnetic circuit. Thus we can find F/ t m we found 
the stress in the case of the tension, by equating the work done 
to the decrease in the stored energy. The stored energy is 
expressed by eq. (162), in which A is the only variable; hence 
by differentiating W with reapeet to A we got: 

dW^ -bmjA/QvP) ^ ~i/P(UA)//t. 

This is a negative quantity, because the stored energy decreases. 
But Id A represents tile increase in the volume of the ring, so 
that ldA***Sdr, and consequently 

.... (172) 

In other words, the lateral compression is numerically equal to 
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the longitudinal tension, and both are numerically equal to the 
density of the stored energy. 

As an application of the lateral action, consider a constant- 
current or floating-coil transformer (Fig. 59), used in series 
arc-lighting. The leakage flux is similar in its character to that 
shown in Figs. 50 and 51. The lateral pressure of the leakage 
lines between the coils tends to separate them, acting against 
the weight of the floating coil. A part of this weight has to be 
balanced by a counter-weight Q because the electro-magnetic 
forces under normal operation are comparatively small. 

Since the currents are alternating, the force is pulsating, 



Fig. 59.—A floating-coil constant-current transformer. 

but is always in the same direction, tending to separate the coils. 
The average force depends upon the average value of H 2 , in 
other words, upon the effective value of the current. According 
to eqs. (170) and (172), we have 

(FXve-(F c %ve.S=H ef fS/15.6 kg., . . (173) 

where S is the area of the floating coil in contact with the flux. 
With the assumed paths for the lines of force, and neglecting 
the reluctance of the iron core, we have that 

H e ff*=nl e ff/100QI kiloamp.-turns/cm., . . (174) 

where l is the length of the lines of force in the air, in cm., and 
nl eff is the m.m.f. of either coil. The force of repulsion is pro¬ 
portional to the square of the current, and is independent of the 
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distance h between the colls. Hence, a constant weight Q 
regulates for a constant current. When the coils are further 
from each other, the induced secondary voltage* is less, on account 
of a much higher leakage flux. When the current increases 
momentarily, due to a decreasing line resistance, the coil is 
overbalanced and rises till the induced voltage and current fall 
to the proper value. Thus, the coil always floats at the proper 
height to induce the voltage* needed on the* line. 

Formuhe (loi) ami (174) apply also to the mechanical forces 
between the primary and the secondary coils of a eonstant- 
potential transformer (Figs. Ill and 51). Under normal con¬ 
ditions these forces are* negligible, but in a violent short-circuit 
the end-coils are sometimes bent away and damages!, unless 
they am properly secured to the* rest of the winding. Such 
short,-circuits are* particularly detrimental in large transformers, 
having a close* regulation, that is, having a very small internal 
impedance drop, and which are connected to systems of practically 
unlimited power and constant potential. As Dr. Kteinmetz puts 
it, the*, closest approach to the* appearance* of such a transformer 
after a short-circuit is the* way two express trains must look 
after a he*ad-on collision at high Hpe*ed, 

Another interesting example of the* effect of the mechanical 
force's produced by a magnetic field is the* so-called pinch phe¬ 
nomenon, 1 Tim lines of forces which surround a cylindrical con¬ 
ductor may be compared to rubber bands, which fend to com¬ 
press it. With a liquid conductor and large* currents, such 
for instance as am carried by a molten metal in some eleetro- 
metallurgical proc(*sse*s, the pressure of the magnetic fie*ltl is 
sufliciemt to modify and to miner the cross-section of the* liquid 
eemduelor. This was first observed by Mr. Carl flering and 
calks! by him the pinch phenomenism. In passing a relatively 
large alternating current through a non-eleetrolytie liquid con¬ 
ductor contained in a trough, he* found that the liquid contracted 
in croHH-H(*ctie>n and flowed up-hill lengthwise in the trough, 
climbing up on the electrodes. With a further increase of 

1 E. F. Norlhrup, Rome Newly Otwervml Manifestations of Forces in the 
Interior of an Electric*, Conductor, Phynmi Review, Veil. 24 (1907), p. 
474. Thin article contains some cleverly devised experiments illustrating 
the pinch phenomenon, and also a mathematical theory of the forces which 
come into play. 
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current, this contraction of cross-section became so great at 
one point that a deep depression was formed in the liquid, with 
steeply inclined sides, like the letter V. 

In most cases of mechanical forces in a magnetic field, these 
forces and the resulting movements are due to the combined 



support. 

action of longitudinal tensions and transverse compressions and 
not to one of these actions alone. For instance, a loop of flexible 
wire, through which a large current is flowing, tends to stretch 
itself so as to assume a maximum opening, that is, a maximum 
permeance of the magnetic field linked wifh it. This action 
is due to both the longitudinal tension and the lateral pressure. 
In such cases the mechanical forces are best computed by the 
principle of virtual displacements explained in the next article. 
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Prob. 7. Show that the required t!u\ density in the air-gap of a 
lifting electromagnet (Fig. 58) can b<‘ euleuluted from the expression 
IF 15.7\ aF/A y in kl/sq.cm., where F is the rated supporting foreo, 
in metric tons, A is the area of eontaet in sq, dm., and a is the factor 
of safety. 

Prob. 8. Show that in an armored truetive magnet (Fig. <>()) the 
tractive effort- F varies with the air-gap a according to the law Fa 2 3.08 
kg-cm. 4 , when the excitation is 2000 amp.-turns and tin* cross-section 
of the plunger and of the stop is 12 sq.cm. Assume the leakage and the 
reluctance of the steel parts to be negligible. 

Prob. 9. Referring to the preceding problem, what is the true 
average pull between the values .s 1 and x 4 cm, and what is the 
arithmetical mean pull? A us. 0.77 and I.G3 kg. 

Prob. 10. Indicate roughly the principal paths of magnetic leakage 
in Fig. GO, and explain the influence of the leakage upon the tractive 
effort, with a small and a large air-gap. 

Prob. 11. The flux between two thin and high bus-bars, placed at 
a short distance from each other, has the genera! character shown in 
Fig. 01. Calculate the force per meter length that pushes the bus-bars 
apart when, during a Hhort-eireuit. the estimated current is 50 kilo- 
amperes. Atm, About 800 kg. per meter, 

Prob. 12 . Deduce an expression for the magnetic pull due to the 
eccentric position of the armature in an electric machine (Fig. 62). 
A certain allowance is usually made for this pull in addition to the 
weight of the revolving part, in determining the safe size of the shaft. 

Solution: Since the pull is proportional 
to the square of the flux density, we 
replueo the actual variable air-gap 
density by a constant radial density 
acting upon the whole periphery of the 
armature and equal to the quadratic 
average (the effective value) of the 
actual flux density distribution. Let 
this value be /f r // khper sq, cm. when 
the armature is properly centered. 
Let the original uniform air-gap bo a , 
and the eccentricity be Since a and 
& arc small ns compared to the diameter 
of the armature, the actual air-gap 
at an angle a from the vertical is 
Fig. 62.—An eccentric armature, approximately equal toa~tcoH«, Neg¬ 
lecting tin 1 reluctance of the iron parts 
of the machine, the flux density Is inversely m the length of the air- 
gap, so that we have 

B u *« & eon it) ~ $«.///( 1 - (s/a) cos a]. 

Let A be the total air-gap area to which B refers; then, according 
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to eq. (171), the vertical component of the pull upon the strip of the 
width da is 

dF 0x = (J5 a 2 /24.7) (A /2x)da • cos a. 

The horizontal component of the pull is balanced by the corresponding 
component on the other half of the armature. The total pull downward is 

F ex =[2A/{2nK2±.7)]§*B a *cos a da. 

Putting tan = z and integrating we get the so-called Sumec formula 
for the eccentric pull, in kg.: 

F ex = (AB eff y24.7)(e/a)[l-(e/ay]~^. . . . (175) 

The integration is simplified if, before integrating, the difference is 
taken between the vertical forces at the points corresponding to 
a and to n — a. The limits of integration are then 0 and Jtt. 1 

Prob. 13. The average flux density under the poles of a direct- 
current machine is 6.5 kl/sq.cm.; the poles cover 6S per cent of the 
periphery. The diameter of the armature is 1.52 m.; the effective 
length is 56 cm. What is the magnetic pull when the eccentricity is 
10 per cent and when it is 50 per cent of the original air-gap? 

Ans. 3.2 and 24 metric tons. 

Prob. 14. The 22/2-kv., 2500-kva., transformer specified in prob. 
5, Art. 64, had a total impedance drop of 73.5 volts at full load current 
on the low-tension side. What average force is exerted on each coil- 
face during a short-circuit, provided that the line voltage remains 
constant? The transformer winding consists of 12 high-tension coils of 
100 turns each, and of 11 low-tension coils interposed between the high- 
tension coils, together with 2 half-coils at the ends. Two of the dimen¬ 
sions of the coils are repeated here: O m =2.6 m.; J—18 cm. Hint: The 
short-circuit current is equal to 2000/73.5=27.2 times the rated current. 

Ans. About 22 metric tons. 

Prob. 15. What is the mechanical pressure on the surface of the 
conductors in prob. 3? 

Ans. 47.6 and 5.8 milligrams per sq.cm. 

71. The Determination of the Mechanical Forces by Means 
of the Principle of Virtual Displacements. In order to determine 
the mechanical force or torque between two parts of a mag¬ 
netic circuit the general method consists in giving these parts 
an infinitesimal relative displacement and applying the law of 

1 J, K. Sumec, Berechnung des einseitigen magnetischen Zuges bei Excen- 
trizit&t, Zeitschrift fur EleJctrotechnik (Vienna), Vol. 22 (1904), p. 727. This 
periodical is continued now under the name of Electrotechnik und Maschin- 
enhau . 
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the conservation of energy to this displacement. From the 
equation so obtained the component of the force in the direction 
of the displacement can bo calculated. Taking other displace¬ 
ments in different directions, a sufficient number of the com¬ 
ponents of the forces are determined to enable one to calculate 
the forces themselves. Since the forces in a given position of 
the system are perfectly definite, the result is the same no matter 
what displacements are assumed, provided that these displace¬ 
ments are jmniblv, that is, consistent with the* given conditions 
of the problem. Therefore displacements are selected which 
give the simplest formula* for the energies involved. We have 
had two applications of this principle* in the preceding article, 
in deriving the expressions for the tension and the compression 
in the field, by giving tin* simple magnetic circuit the proper 
a virtual ” displacements. In applying this method, not only 
the mechanical displacement has to be specified, but also the 
electric and the magnetic conditions of the circuit, in order to 
make the energy relations entirely definite. Tims, in the pre¬ 
ceding article, the electromagnetic condition was 0 - const. 1 

First let us take the ease when the partial linkages are neg¬ 
ligible; then according to tin* third eq. (W), the* stored energy is 

.(176) 

where (fi is the reluctance of tin* circuit, Ix*t F be tin* unknown 
mechanical force between two parts of tin* magnetic circuit at 
a distance <s, and let one part of tin* system be given an infini¬ 
tesimal displacement da. Let F be considered positive in the 
direction in which the displacement da is positive. The mechan¬ 
ical work done is then equal to Fda. As in tin* preceding article, 
let this displacement take place with a constant flux, so thjat 
there is no interchange of energy between the magnetic circuit 
under consideration and the electric circuit by which it is excited. 
Then the work is done* entirely at the expense of the stored energy 
of the magnetic circuit, and we have: 

Fda^dW m ^ ..... (177) 

where dW m is the* mechanical work done*. The* sign minus before 

1 The principle of virtual displacements m much used nowadays in the 
theory of elasticity and in the calculation of the mechanical stresses in the 

so-called statically-indeterminate engineering structures. 
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dW 8 is necessary because the stored energy decreases. From 
eqs. (176) and (177) we get 

- %<P 2 .dCR/d$ .(178) 


In some cases it is more convenient to express F through M 
and CP- We have 

+i(# 2 /(R 2 )dO>/ds, 

or 

F=J t -^M 2 d(P/ds .(179) 

In the preceding formulae F is in joulecens, M is in ampere- 
turns, <P is in webers, CP is in henrys, and CR in yrnehs. With 
other units the formulae contain an additional numerical factor. 
It is to be noted that the mechanical forces are in such a direc¬ 
tion that they tend to increase the permeance and decrease the 
reluctance of the circuit. This agrees with previous statements. 
See Arts. 41 and 57. 

If the partial linkages are of importance, it is convenient 
to express the stored energy in the form TF S = Ji 2 L, because the 
inductance L takes account of the partial linkages; see eqs. 
(105) and (106), Art. 58. The energy equation, according to 
eq. (177), is then 

Fds~ -dW 8 = —%d(i 2 L) .(180) 

and the condition that there is no interchange of energy with 
the line is 

d(iL) = 0.(181) 

The latter equation becomes clear by reference to eq. (106a), 
because Li=n@ eqi where & eq is the equivalent flux under the 
supposition of no partial linkages. The condition that there 
shall be no e.m.f. induced in the winding during the displace¬ 
ment, is d(n(D eq )/dt= 0, whence eq. (181) follows directly. 

Performing the differentiations in eqs. (180) and (181), and 
substituting the value of Ldi from the second equation into the 
first, we get that 

F=+ii 2 dL/ds .(182) 

When there are no partial linkages, L=n 2 CP , and eq. (182) 
becomes identical with (179). 
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Formulae for the average force of direct current electromagnets. 
In a tractive magnet (Fig. 60) or a rotary magnet (Fig. 63) 
it is often required to know the average pull over a finite travel 
of the moving part. For the average force, the equation 
F ave A s = dW m = — dW 8 holds, which is analogous to eq. (177) ; 
the only difference being that finite instead of infinitesimal incre¬ 
ments are used. If the motion takes place at a constant flux, 
or at least the values of the flux are the same in the initial and 
the end-positions, we get from the preceding formulae: 

F ave ^$ 2 {(fh~(R2 )/. - . (183) 
= KIi^ r I 2 2(P 2 )/fe- Sl ); . . (184) 

= i(ii 2 Li -i'z 2 Lf)/( 82 ~-$i). . . . (185) 

The finite travel of the plunger often takes place at a con¬ 
stant current, for instance, in the regulating mechanism of a 



series arc-lamp, also approximately in a direct-current electro¬ 
magnet connected across a constant-potential line. Under such 
conditions the foregoing formulae are not directly appliable, 
because they have been deduced under the assumption of no 
interchange of energy between the electric and the magnetic 
circuits, so that this case has to be considered separately. 

Let the motion be in the direction of the magnetic attraction, 
and let the current remain constant during the motion. The 
stored energy is larger in the end-position than in the initial 
position, because the flux is larger and the current is the same. 
Therefore, during the motion, the energy supplied from the line 
must be sufficient to perform the mechanical work, and to 
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increase the energy stored in the magnetic circuit. The increase 
in the stored energy is 

AW 8 ^i\L 2 -L x ), 

and the energy supplied from the line is calculated as follows: 
The average voltage induced during the motion of the plunger 
is eave^ii^—L^/t, where t is the duration of the motion. The 
energy supplied from the linje is therefore 

W^ i — i^(.Z/2 L\). 

Thus, the energy supplied from the line is twice as large as the 
work performed, and we have the following important law 
(due to Lord Kelvin): When in a singly excited magnetic circuit 
without saturation a deformation takes place at a constant current , 
the energy supplied from the line is divided into two equal parts , 
one half increasing the stored energy of the circuit , the other half 
being converted into mechanical work . 

According to this law we have, for a constant current electro¬ 
magnet, that the mechanical work done is equal to the increase 
in the energy stored in the magnetic field. Hence 

Fave^ S — JW m = -^-JW 8 . 

Thus, 

F ave ===^t i (lj2 I J i)/(s2 ^l )) .(186) 

or, if the partial linkages are negligible, 

F a ve=i(^(n2^i 2 ^i)/(s2-s 1 ); . . . (187) 

= iMHCP 2 -(P 1 )/(s 2 ^s 1 ) .(188) 

When a magnet performs a rotary motion (Fig. 63), the 
preceding formulae are modified by substituting Tdd in place of 
Fds , or T ave ( 62 — 0 i) in place of F ave (s 2 —«i). Here T is the torque 
in joules and (02—#i) or d6 is the angular displacement of the 
armature in radians. Or else, in the foregoing formulae F may 
be understood to stand for the tangential force, and the dis¬ 
placement to be ds=r dd, where r is the radius upon which 
the force F is acting. Then the torque is T= Fr. If, for instance, 
we apply eq. (179) to a rotary motion, it becomes 

T =Fr =* + iM 2 d(P/d$. I . . . . (189) 
The other equations may be written by analogy with this one. 
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Alternating-Current Electromagnets . The preceding formulas are 
deduced under the supposition that the magnetic field is excited 
by a direct current. They are, however, applicable also to alter¬ 
nating-current electromagnets, because the pulsations in the 
current merely cause the energy to surge to and from the magnetic 
circuit, without any net effect, so far as the average stored energy 
and the mechanical work arc* concerned. The average stored 
energy corresponds to the effective value's of the current and the 
flux. 

In practice two types of alternating-current electromagnets 
are of importance, namely, those* operating at a constant voltage 
and those operating at a constant current. As an example of 
the first class may Ik* mentioned the elect romagnets used for 
the operation of large' switches at a distance (remote control); 
the windings of such electromagnets an* usually connected directly 
across the line. Constant-current magnets are used in the 
operating mechanism of alternating-current series arc-lamps. In 
an A. 0. electromagnet practically all of the voltage drop is 
reactive and hence proportional to the flux. 

In a constant-potential electromagnet the effective value of 
the equivalent flux is the same for all positions of the plunger 
(neglecting the ohmic drop in the winding). Therefore, formula 
(185) holds true. Ia*t e be the effective value of the constant 
voltage, or more accurately the reactive component alone, and 
let /be the frequency of the supply. Then, e «« 2xfLi i\ ® 
so that the formula for the* pull becomes 

-^)/(47T/(^-Kj)]. .... (190) 

For a constant-current A.(b electromagnet eq. (186) applies; 
introducing again the reactive volts r,fh\i and 
wo got 

i(«a ~^)/[4 tt/(*2 -Si)]. .... (191) 

In both cases the mechanical work performed is proportional 
to the difference in the reactive volt-amperes consumed in the 
two extreme positions of the moving part. 1 

1 For further details in regard to electromagnets consult C. P. Bteinmets, 
Mechanical Forces in Magnetic Fields, Tram, Ameer, ImL Eke. Eng$. t Vol. 
30 (1911), and the discussion following this g>&fx*r; also O. It. Underhill 
Solenoid* r, Electromagnet^ and Bkctrmnagndic IFimlmp( 1910 ), chapters 6 
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Prob. 16. Derive formula (171) for the lifting magnet by means 
of the principle of virtual displacements. Solution: The reluctance 
of the air-gap is (R=s/(aA), so that &Si/ds = l/(iiA), hence, according 
to eq. (178) F= — J^ 2 /(M) = -AB 2 /2i±. The minus sign indicates that 
the stress is one of tension. 

Prob. 17. Derive expression (172) from formula (179). 

Prob. 18. Derive the formula for the repulsion between the windings 
in a transformer from eq. (182). 

Prob. 19. Derive from eq. (182) the force of repulsion between two 
infinitely long, parallel, cylindrical conductors placed at a distance 
of b meters apart, and forming an electric circuit (Fig. 47). 

Ans. 2.04ri 2 (l/b) X10“ 8 kg. for l meters of the loop. 

Prob. 20. What deformation of the windings may be expected 
during a severe short-circuit of a core-type or a cruciform type trans¬ 
former (Figs. 12 and 14) with cylindrical coils, (a) wfien the centers 
of the coils are on the same horizontal line, and (b) when one of the 
windings is mounted somewhat higher than the other ? 

Prob. 21. Show that in a constant-current rotary magnet (Fig. 
63) Ta = Const.—that is, the torque in the different positions of the 
armature is inversely proportional to the air-gap at the entering pole- 
tip. Hint: — ywrdd/a, where w is the dimension parallel to the 

shaft. 

Prob. 22. State Kelvin’s law when mechanical work is done against 
the forces of the magnetic field. 

Prob. 23. A 60-cycle, 8-amp., series arc-lamp magnet has a stroke 
of 32 mm.; the reactive voltage consumed in the initial position is 9 
v., and in the final position 20 v. What is the average pull ? 

Ans. 372 grams. 

72. The Torque in Generators and Motors. The magnetic 
circuits considered in the preceding articles of this chapter are 
singly excited, that is, they have but one exciting electric circuit. 
From the point of view of mechanical forces this also applies 
to each air-gap in a transformer, because, neglecting the mag¬ 
netizing current, the primary and the secondary coils may be 
combined into equivalent leakage coils (Art. 64). On the other 
hand, a generator or a motor under load has a doubly-excited 
magnetic circuit, the useful field being linked with both the 
field and the armature windings. The two m.m.fs. not being 
in direct opposition in space, the flux is deflected from the shortest 

to 9 incl.; S. P. Thompson, On the Predetermination of Plunger Electro¬ 
magnets, Intern. Elect. Congress , St. Louis, 1904, Vol. 1, p. 542; E. Jasse, 
Ueber Elektromagnete, Elecktrotechnik und Maschinenbau , Vol. 28 (1910), 
p. 833; R. Wikander, The Economical Design of Direct-current Electro¬ 
magnets; Trans. Amer. Inst. Elect. Engs., Vol. 30 (1911). 
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path, and the torque is due to the tendency of the tubes of force 
to shorten themselves longitudinally, and to spread laterally. 

Consider the simplest generator or motor, consisting of a 
very long straight conductor which can move at right angles 
to a uniform magnetic field of a density B (Fig. 04). Let the 
ends of the conductor slide upon two stationary bars through 
which the current is conducted into a load circuit in the case of 
a generator action, and through which the power is supplied 
in the case of a motor action. If the magnetic circuit, contains 

no iron, the resultant, field is a 
suimposition of the original uniform 
field and of the circular field created 
by the current in the conductor. 
With the direction of the current 
indicated in Fig. 64, the resultant 
field is stronger on the left-hand side 
of the conductor than it is on the 
right-hand side, and there is a 
resultant lateral pressure exerted 
upon the conductor to the right. 
In the case of a motor action the 
direction of the motion is in the 

Fig. 64.—A straight conductor "f™ directio ? ff th r ° ^ raHurC! from 
in a uniform magnetic field. the stronger held. In the case of a 

generator action the conductor is 
moved by an external force against this pressure. Compare 
also the rule given in Art. 24. 

To find the mechanical force l>etween the conductor and the 
field, we will apply again the principle of virtual displacements. 
Let the current through the conductor be t, and let the con¬ 
ductor he moved against the magnetic pressure by a small amount 
<h. Assume that the stored magnetic energy of the electric 
circuit to which the conductor Ixdongs is the same in the various 
positions of the conductor. (Such is the ease in actual machines.) 
Then the; work done by the external force is entirely converted 
into electrical energy, and we have 

F<la<~ie dt, .(192) 



where e is the induced o.m.f. Ijct both F and e refer to a length 
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l of the conductor. Substituting the value of e from eq. (27), 
Art. 24, we have 

Fd$/dt = iBlv, 

or, since ds/dt—v, 

F = iBl .(193) 

In this expression i is in amperes, B is in webers per sq.cm., 
I is in cm., and F is in joulecens. With other units the formula 
contains a numerical factor. 

Formula (193) may be used also with a non-uniform field, and 
also when the direction of the conductor is not at right angles 
to that of the line of force. In such cases the formula becomes 
dF = %B dl, where dF is the force acting upon an infinitesimal 
length dl of the conductor, and B is understood to be the com¬ 
ponent of the actual flux density perpendicular to dl. 

As an application of formula (193), consider the attraction 
or the repulsion between two straight parallel conductors carrying 
currents i\ and 12 , and placed at a distance b from each other. 
The circuit of each conductor may be considered closed through 
a concentric cylindrical shell of infinite radius, as in Art. 60. 
It is apparent from symmetry that the field produced by each 
system gives no resultant force with the current in the same 
system. Thus, the mechanical force is due to the action of the 
field 1 upon the current 2, and vice versa. 

The flux density due to the system 2 at a distance b from 
the conductor 2 is J3 = /x.i 2 /27:bj so that, according to eq. (193), 

F= fAi 1 % 2 l/ 2 nb joulecens,.(194) 

where /*= 1.257 X 1CT 8 . In kilograms the same formula is 

F=2Mi 1 i 2 {l/b) 10" 8 ,.(194a) 

provided that l and 6 are measured in the same units. The 
force is an attraction or a repulsion according to whether the 
two currents are flowing in the same or in the opposite directions. 
When ii = % 2 , this formula checks with that given in prob. 19 
above. 

Formula (193) applies also to the tangential force between 
the field and armature conductor in any ordinary generator or 
motor, provided that (a) the conductors are placed upon a 
smooth-body armature, and (6) the conductors are distributed 
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uniformly over tho armature periphery, so that the stored mag¬ 
netic energy is the same in all positions of the armature. It 
would be entirely wrong, however, to apply this formula to 
a slotted armature, using for li the actual small flux density 
in the slot within which the conductor lies. This would give 
the force acting upon the conductor itself, and tending to press 
if against the adjacent conductor or against the side of the slot; 
but the actual tangential force exerted upon the armature as 
a whole is many times greater, ami practically all of if is exerted 
directly upon the steel laminations of tin* teeth. 

At no-load, the tlux distribution in the active layer of the 
machine is symmetrical with respeet to the center line of each 
pole (Fig. 24), so that the resultant pull along the lines of force 
is directed radially. The armature currents distort the field 
as a whole, and also distort it locally around each tooth, the 
general character of distortion being shown in lug, 36. The 
unbalanced pull along the lines of force has a tangential com¬ 
ponent which produces the armature torque. This torque, 
although caused by the current in the armature* conductors, 
is largely exerted directly upon the teeth, because the* flux density 
there is much higher. 

Thus, in order to determine the* total eleetromagnetic torques 
in a slotted armature*, it is again necessary to apply the principle 
of virtual displacements. The* reluctance of the active* layer 
per pole varies somewhat with the position of the* armature, 
so that the energy sternal m the* fade! is also slightly fluctuating. 
It is convenient, therefore, to take* a displacement which is a 
multiples of the tooth pitch, in order to have* the* same* stored 
energy in the* two extreme positions, 'This gives the average 
electromagnet^ torque*. 

(a) The Torque in a Direct-eummt Machine. l>ot the* virtual 
displacement be (‘(pud to 0 geometric degrees and be accomplished 
in t seconds. Them we have 

T a J)^iEU ....... (195) 

where T is the torque*, % is the! total armature current, and E is 
the total induced e.mX Kej. (195) states the* c*quality of the 
mechanical work eleme and of the eorresjamding electrical energy 
supplied. The! average induced cuni. is independent of the 
flux distribution, or of the* presence or absence of teeth (see 
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Art. 24 and prob. 18 in Art. 26). Take 0 to correspond to 
two pole pitches, or # — 2tt/ (Jp); then £=1//, where / is the 
frequency of the magnetic cycles. Substituting these values and 
using the value of E from eq. (37), Art. 31, we get, after 
reduction, 

T ave =iNp&/x joules,.(196) 

where 0 is in webers; or 

T ave — O.O325iNp0 X10" 2 kg-meters, . . (196a) 

0 being in megalines. 

This formula does not contain the speed of the machine, 
the torque depending only upon the armature ampere-turns iN 
and the total flux p0. Consequently, the formula can be used 
for calculating the starting torque or the starting current of 
a motor. Eqs. (196) and (196a) give the total electromagnetic 
torque, part of which serves to overcome the hysteresis, eddy 
currents, friction and windage. The remainder is available on 
the shaft. When calculating the starting torque, it is necessary 
to take into account .the effort required for accelerating the 
revolving masses. 

(b) The Torque in a Synchronous Machine. The equation of 
energy is 

T ave 0 — miE cos <fi' .t, .(197) 

where m is the number of phases, i and E are the effective values 
of the armature current and the induced voltage per phase, and 
<f> f is the internal phase angle (Fig. 37). Taking again a dis¬ 
placement over two poles and using the value of E from eq. (3) 
Art. 26, we get 

T ave = 0.036lk h miN cos <f>'p0lO~ 2 kg-meters. . (198) 

(c) The Torque in an Induction Machine. The torque being 
exerted between the primary and the secondary members of 
an induction machine, it may be considered from the point of 
view of either member. This is because the torque of reaction 
upon the stator is equal and opposite to the direct torque upon 
the rotor. For purposes of computation it is more convenient 
to consider the torque from the point of view of the primary 
winding, in order to be able to use the primary frequency and 
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the synchronous speed. Therefore eq. (198) gives the torque of 
an induction machine (including, as before, friction and hysteresis), 
where the various quantities refer to the stator. However, these 
quantities may equally well he taken in the secondary, but in 
this case, since hysteresis occurs mainly in the stator, the torque 
to overcome hysteresis is not includes!. 

Formula (198) is hardly ever used in practice, especially 
for the computation of the starting ton pie, because it is difficult 
to eliminate the large leakage flux which gives no torque. It 
is much more convenient to determine the torque from the circle 
diagram, or from the equivalent, electric circuit. 

In case the torque is determined from tin* equivalent electric cir¬ 
cuit, we can write from eqs. (195) and (197) the expressions for the 
torque directly, by substituting for 0 its value 2*-i-(R.P.M.)/60. 
For a direct-current machine, 

(Fa*-0.0325 Kg.-meters. . . . (199) 

%• (iv.r.M.) 

Here the induced e.m.f. E*=E, according to whether the 

machine is a generator or a motor; E, is the terminal voltage 
and R a the resistance of tin* armature, brushes, and series field. 

For an alternating-current machine, 


ra*-().()325^"~ ; ~ y-Kg.-meters. . . . (200) 


In a synchronous machine E is the induced e.m.f. and <j>' is 
the internal phase angle. In an induction machine, iE cos <f>' 
is the power per phase delivered to the rotor, that is, the input 
minus hysteresis and primary PR loss. The term (R.P.M.) is 
in all cases the synchronous speed of the machine. 

Prob. 24. Two single-conductor rubles from a direct-cummt machine 
are installed parallel to each other at a distance of 10 cm. lattween their 
centers, on transverse supports spaced 80 cm. apart. The rated current 
through the cables is 850 amp. What is the force acting upon each 
support under the normal conditions, and when the current rises to 
twenty times its rated value during a short-circuit? 

Ann. 0.0737 and 29.5 kg. 

Prob. 25. A 4-pole, series direct-current motor must develop a 
starting torque of 74 kg.-m. (including the losses). The largest possible 
flux per pole is about 2.5 ml.; there are 240 turns in series between the 
brushes. Calculate the starting current. Ans. 95 amp. 
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,41. Explain the reason for which the compensating winding 
while removing the armature reaction, does not affect appre- 
iweful torque of the motor. Hint: this can be shown by 
method of virtual displacements; also from the fact that 
intortion of the flux in the teeth is not removed. 

On the basis of Art. 15, explain the mechanism by which 
xionon of hysteresis in an armature core causes an opposing 
Explain the same for eddy currents. 

58* Demonstrate that formula (193) may be used for slotted 
provided that B stands for tho average flux density per 
I*. Hint: take a virtual displacement of one tooth pitch, 
hh the induced voltage through the flux per tooth 

59. Show that in a single-phase synchronous motor the 
the synchronous speed pulsates at double the frequency of 
r; also that the torque is zero at any but the synchronous 

50 . Prove that in an induction machine the torque near syn- 
l» approximately proportional to the square of the voltage 
per cent slip. Hint: £-Const. X 0 Xslip. 

II. Describe In detail how to calculate the maximum starting 
a. given induction motor, and how to calculate the amount 
ry resistance necessary for a prescribed torque. See the author's 
rcuit, Chap. XXL 
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the synchronous speed. Therefore eq. (198) gives the, torque of 
an induction machine, (including, as before, friction and hysteresis), 
where the various quantities refer to the stator. However, these 
quantities may equally well be taken in the secondary, but in 
this case, since hysteresis occurs mainly in the stator, the torque 
to overcome hysteresis is not included. 

Formula (IDS) is hardly ever used in practice, especially 
for the computation of the starting torque, because' it is diflicult 
to eliminate the large leakage flux which gives no torque. It 
is much more convenient to determine the torque from the circle 
diagram, or from the equivalent (dectrie circuit. 

In case the torque is determined from the equivalent electric cir¬ 
cuit, we can write from eqs. (195) and (197) the expressions for the 
torque directly, by substituting for 0 its value 2%-t- (R.P.M.)/60. 
For a direct-current machine, 

Taw a= 0.0325 rKg.-metere. . - . (199) 

Hero the induced cuni. E**Et±iRa, according to whether the 
machine is a generator or a motor; E t in the terminal voltage 
and Ra the resistance of the armature, brushes* and series field. 
For an alternating-current machine, 


Tam^ 0.0325 


SQmiEvxm <// 


‘Kg.-meters. 


. . ( 200 ) 


In a synchronous machine E is the induced e.m.f, and is 
the internal phase angle. In an induction machine, %E cos </>' 
is the power per phase delivered to the rotor, that is, the input 
minus hysteresis and primary PH loss. The term (R.P.M.) is 
in all cases the synchronous speed of the machine. 

Prob. 24. Two single-conductor cables from n dim*t-eurront machine 
are installed parallel to each other at a distance of 10 cm. laitween their 
centers, on transverse supports spaced HO cm. apart. The rated current 
through the cables is 8T>{) amp. What Is the force acting upon each 
support under the normal conditions, and when the current rises to 
twenty times its rated value during a short-circuit? 

Ans. 0.0737 and 29.5 kg. 

Prob. 25, A 4-pole, series direct-current motor must develop a 
starting torque of 74 kg.-m, (including the losses). The largest possible 

flux per pole is about 2,5 ml; there are 240 turns In series between the 
brushes. Calculate the starting current. Ans, 95 amp. 
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Prob. 26. Explain the reason for which the compensating winding 
(Art. 54), while removing the armature reaction, does not affect appre¬ 
ciably the useful torque of the motor. Hint: this can be shown by 
applying the method of virtual displacements; also from the fact that 
the local distortion of the flux in the teeth is not removed. 

Prob. 27. On the basis of Art. 15, explain the mechanism'by which 
the phenomenon of hysteresis in an armature core causes an opposing 
torque. Explain the same for eddy currents. 

Prob. 28. Demonstrate that formula (193) may be used for slotted 
armatures, provided that B stands for the average flux density per 
tooth pitch. Hint: take a virtual displacement of one tooth pitch, 
and express the induced voltage through the flux A® ~*BIX per tooth 
pitch. 

Prob. 29. Show that in a single-phase synchronous motor the 
torque at the synchronous speed pulsates at double the frequency of 
the supply; also that the torque is zero at any but the synchronous 
speed. 

Prob. 30. Prove that in an induction machine the torque near syn¬ 
chronism is approximately proportional to the square of the voltage 
and to the per cent slip. Hint: Const. X 0 Xslip. 

Prob. 31. Describe in detail how to calculate the maximum starting 
torque of a given induction motor, and how to calculate the amount 
of secondary resistance necessary for a prescribed torque. See the author's 
Electric Circuit , Chap. XII. 
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APPENDIX II 


AMPERE-TURN vs. GILBERT 

The reader has probably been taught before that the per¬ 
meability of air in equal to unity in flu* electromagnetic (»,(».S. 
system; silent assumption was then probably made that p**l 
also in the practical ampere-ohm system, The t rue situation 
in, however, an follows: In any system of units whatsoever, the 
fundamental equation 0 - (/at//). M holds true, being a mathe¬ 
matical expression of an observed fact. Now ltd the quantities 
be expressed in the ampere-ohm system, and assume the centi¬ 
meter to be the unit of length. The flux is then expressed 
either in maxwells or in webers, both of which arc* connected 
with the ampere-ohm system through the* volt. The natural 
(though not the only possible) unit far the magnetomotive force 
in one ampere-turn. Therefore, all the* quantities in the* fore¬ 
going (equation are determinate, and the* value* of p cannot be 
prescribed or assumed, but must be* de*fe*rmine*d from an actual 
experiment, the* same* as the* electric conductivity of a metal, 
or thee permittivity of a di<*leririe have* to be determined. 
Experiment shows that p * 1.25? when the* maxwell is used as the 
unit of flux, and hence p 1.257X10 H if the* flux is measured in 
webers. 

It is possible to assume* p ^ 1, provided that the* unit of mag¬ 
netomotive force is not prescribed in advance. In this case*, 
the unit of magnetomotive force, as determined from experiment, 
comes out equal to 1/1.2*57 of an amj>ere-turn. This unit is 
called the gilbert, and it must la* understood that the permeability 
of non-maguetic mate*rials is equal to unity only if the magneto¬ 
motive fqrce is measured in gilberts. To the author the advan¬ 
tages of such a system for practical urn* are more* than doubtful 
In the first place, the gill>ert is a mi|M*rflu<nw unit, Imranse the 
results of calculations must after all for practical purponm be 
converted into ampere-turns in order to ajawify the number of 
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(aims and the exciting current of windings. Thus, one would 
have to deal with two units of magnetomotive force, the gilbert 
and the ampere-turn, one being about 0.8 of the other. In the 
second place, with the assumption 1 for non-magnetic materials 
B becomes numerically equal to //, which is a grave inconvenience, 
because B and II are different physical quantities. B and H 
have different physical dimensions, because jx has a definite 
physical dimension, even though the numerical value of it is 
assumed to be equal to unity for air. Therefore, to be sure 
that proper physical dimensions are preserved, one has to remem¬ 
ber where /< is omitted in formulae, and for a physical interpretation 
of results it is much more convenient to have it there, explicitly. 

Still another objection to using the gilbert and to putting 
ft equal to unity for air is that the ratio of the ampere-turn 
to the gilbert is equal to a quasi-scientific constant An/10. 
To the author's knowledge, there is no simple, elementary way 
of deducing the value of this constant, without going over 
the whole mathematical theory of electricity and magnetism. 
Thus, a constant is retained in practical formulae, the significance 
of which remains a puzzle to the engineer all his life. It is true 
that the value of /t— 1.257 is equal to the same 4^/10 after all; 
but in this ease there is nothing “absolute," mysterious, or 
sacred about the value of *br/10. The student is simply told 
that 1.257 happens to be equal to 47r/10 because the value of 
the ampere was unfortunately so selected. It is not necessary 
to go into further details, because the historical reasons which 
led to the selection of the values of unit pole and unit current 
hardly hold at present. All calculations would be just as con¬ 
venient if /i were equal to 2.257, or any other value, instead of 
1.257. 

For these reasons the author unhesitatingly discards the 
gilbert in teaching as well as in practice and uses the ampere- 
turn as the natural unit of magnetomotive force. The value 
of permeability becomes then an experimental quantity which 
depends upon the units selected for flux and length. 



APPENDIX III 

THE SQUIRREL-CAGE ROTOR 

(To StUTl.KMKNT Paukh UM to 130) 

Equations (<>5) to (70) are deduced for an indue 
with a phaHo-wound rotor, and one must Ih> careful i 
them to a squirrel-cage rotor. In such a rotor there is < 
phase per pair of poles, or one quarter of a turn per pile 
Consequently, if (\ is the total number of secondary l 
is the number of poles, wo must substitute in eq. (05) 

>«s m (\/Qp); A'Aa “ 1, and n* * 0.25. 
This gives, after reduction, 

equivalent primary current per phase (\ ( 

secondary current, per bar 2/i« 1 m ) A , 6i X‘*j 

where 2pmnn *= (\ is the total numlsT of primary < 
Kince there are Ip rotor bars in parallel, the total second 
per phase is equal to Ip timoH the current jmt bar. 
may also be deduced directly from the fundament* 
the m.m.fs of the actual rotor and of the equivalent 
bo equal, so that hf'xk 1 m C a 4. or /*'/ 4 515 (-tfihiCi). 

In eq. (00), if <;*' and r a be understood as the voltoj 
per pole per phase, c s is the voltage induct'd in one-half 
because there is one bar per pair of poles jmt jihase. 3 
rta is again equal to 0.25, It is more convenient in 
t.<> take as the voltage jmt bar. Then <•*' is the 
voltage per pair of poles; in is tin* numlier of primary 
phase j)er pair of poles; and n g *» 0.50, there living c 
one-half of a turn, jmt pair of jades jmt phase. On< 
take cj'/cj to rejm*sent the ratio of voltages per phase 
all the j>oles. In this ease in is the total nuinl>er 
turns in series per phase, and n$ «■ 0.50 as liefore, boa 
secondary bars are connected in jmrailel. Thus, 

equival ent voltage per j>riinary phase hipni 
secondary voltage per bar 0.5 
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In eqs. (67) and (68), if r 2 and r 2 be understood as the resist¬ 
ances per pole per phase, r 2 represents that of one-half of a bar, 
augmented of course for the influence of the end-rings. In this 
case, as before, m 2 = C 2 /(|p), and n 2 = 0.25. If, however, it 
is desired to understand under r 2 the resistance of one whole bar, 
r 2 is the equivalent primary resistance per pair of poles . In some 
cases it is convenient to know the ratio between the equivalent 
resistance R 2 per phase of the primary circuit and the resistance 
Rb of one secondary bar (with the resistance of the end-rings 
taken into account). Eq. (67) becomes 

s C 2 ib 2 Rb = mii 2 2 R 2 .(67a) 

Substituting the ratio of the currents from eq. (65a) we find 
that 

equivalen t resistance per primary phase __ (fc&iCi) 2 v 
resistance per secondary bar miC 2 

A similar relation holds for the ratio of inductances or react¬ 
ances. 




APPENDIX III 
THE SQUIRREL-CAGE ROTOR 
(To Sui’I'LKMKNT PaUKH 154 to 13(5) 

Equations (65) to (70) arc* deduced for an induction motor 
with a phase-wound rotor, and one must bo careful in applying 
them to a squirrel-cage rotor. In such a rotor there is one bar per 
phase per pair of poles, or one quarter of a turn per pole per phase. 
Consequently, if C 3 is the total number of secondary bars, and p 
is the number of poles, wo must, substitute in eq. (65) 

?Ms =* Ci/(ip)', hi » 1, and «» =* 0.25. 

This gives, after reduction, 

equivalent primary current jM*r phase* ___ (\ C* . . 

secondary current per bar 2/;« t WiA*M hi(\ ’ ^ ' a 

where 2pnpMi * (\ is the total number of primary conductors. 
Since, there an* Ip rotor bars in parallel, the total secondary current 
per phase is equal to ip times the current jx*r bar. Kq. (65a) 
may also be deduced directly from the fundamental eq. (64); 
the m.m.fs of the actual rotor and of the equivalent rotor must 
be equal, so that W-W = C a 4, or it /4 * LV(A'hCi). 

In eq. (00), if c 3 ' and e 3 be understood as th<* voltages induced 
per pole per phase, e% is the voltage induced in onc*-half of one bar, 
because there is one bar per pair of jades jx*r phase. In this case 
rts is again equal to 0.25. It is more convenient in some cases 
to take ti as the voltage j>er bar. Then e% is the equivalent 
voltage per pair of palm; tq is tin* numlier of primary turns per 
phase per pair of poles; and n, •» 0.50, there lx*ing one bar, or 
one-half of a turn, j>er pair of poles jx*r phase, One may also 
take ei/ci to represent, th<* ratio of voltages per phase, including 
all the poles. In this case «, is the total number of primary 
turns in series per phase, and n% «■ 0.50 as before, because all the 
secondary bars arc connected in parallel. Thus, 

equivalen t voltage per primary phase ^ hipni m hiCi v 

secondary voltage per bar "* 6.5 r»i ’ ^ ’ 
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In eqs. (67) and (68), if r 2 and r 2 be understood as the resist- 
ances per pole per phase, r 2 represents that of one-half of a bar, 
augmented of course for the influence of the end-rings. In this 
case, as before, rn 2 = CVGp), and n 2 = 0.25. If, however, it 
is desired to understand under r 2 the resistance of one whole bar, 
r 2 is the equivalent primary resistance per pair of poles. In some 
cases it is convenient to know the ratio between the equivalent 
resistance R 2 per phase of the primary circuit and the resistance 
Rb of one secondary bar (with the resistance of the end-rings 
taken into account). Eq. (67) becomes 

C 2 ib 2 Rb = mii 2 2 R 2 .(67a) 

Substituting the ratio of the currents from eq. (65a) we find 
that 

equ ivalent resista nce per primary phase _ (hiCi) 2 v 
resistance per secondary bar ~~ miC 2 * ^ 

& similar relation holds for the ratio of inductances or react¬ 
ances. 
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Active layer characteristic, definition of. 

Aging of laminations. 

Air-gap ampere-turns. 

factor, definition of. 

factor for induction machines. 

flux, nature of its distribution. 

permeance and m.m.f., accurate method. 

simplified, permeance of. 

Alternating current electromagnets, tractive effort of. 

machines, torques of. 

machines, Sec also Synchronous and Induction. 
Alternator. See Synchronous machine. 

calculation of regulation. 

definition of load characteristic. 

definition of regulation. 

wave-form. 

Ampere-Ohm system. 

Ampere-turns, the cause of magnetism. See also M.m.f. 
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Analogue, mechanical, to hysteresis. 

to inductance. 

Annealing of laminations..*. 

Apparent flux density in teeth. 

Armature, eccentric, force upon... 

reactance in synchronous machine, nature and definition of.,.. 

See also Inductance. 

reaction, definition of. 

in a direct current machine. 

in an induction machine. 

in a rotary converter. 

in a synchronous machine. 

Asynchronous. See Induction machines. 

Auxiliary poles. See Commutating poles. 

Axial length of armature, effective. 
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i*a«b 

Back ampere turnB. *SVe Demagnetising, Direct. 

Belt leakage, description of. . . .... 223 

Belt 8 of current in a D.C. machine , , ... ... 193 

B H curves for iron. ... .... 20-24 

relat ion for air.. .... ... jrj 

Blondel diagram.. . . . , ... ... 154 155 

Breadth factor, definition of . , , . , .. 65 

formula for. ....... ... 68 

Brush shift in D.C, machineH,, . . , . . . . . . ., KJ 5 

Bus-bars, repulsion liotween. . . . . . , .... .248 

Cable, concentric, flux distribution in. .189 

induction of a ningle phase . 

Carter’s curve for fringe iwrmeance. ..... , . . . 95 

Coatings.!.. , . 2 i 

Characteristic, active layer, definition of. . , , ... 193 

.■ ■■ • ........... ....... 231 

load, definition of in alternator . . . 141 


open circuit. *SYe Saturation curves, and Kxciting cur¬ 
rent. 


phase, synchronous motor... ... .. 142 

Circuit, a simple magnetic. (*SY« (dm) Magnetic circuit), .... 1 

magnetic, containing iron, series-parallel..... ..., 29 

definition of... ... 3 

Coercive force...,. . .. , ... ...... . . , ,,, .. 32 

Commutating poles, calculations for. (*SYc aha Interfiles)............ 173 

definition of and location. .. 172 

Commutation, criterion of......... . . . . ..... .. 235 

dcwription of................... . .. 233 

frequency of...... . . . . . ... 236 

of a fractional pitch winding. . . . , . ............ 238 

of a lap winding.. . . . 235 

of a multiplex winding. . , , . , . . ,,.. 238 

of a two circuit winding . . , . . ,... 237 

ex. inductance. ... 232 

Compensating winding for D.C, machine . . .......... 174 

Complete linkages, definition of.. .. , . . , , ,, . ...... 181 

Compounding in a IXC. machine. .. ,, .......... 170 

Compression, lateral, in a magnetic field . 244 

Computations for interfiles...... , . . . . , 173 

Condenses, synchronous........ . . . . . ........ 157 

Conductor, force on, in a magnetic fiehl, . ... , ,. .......... 256 

(‘ores of iron wire. . .. , .. ,, 41 


of revolving machinery, m.m.f. for 


165 


of transformers, m.m.f for. . . ... , . .. ......81 


Core loss current, in an induction motor, &w Cow km in revolving 
machinery. 
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Core loss current, in a transformer. 82 

curves. 45 

extrapolation of. 54 

in transformers. 82 

in revolving machinery. 46 

measurement of. 44 

or iron loss, definition of. 42 

Cross ampere-turns. See Reaction. 

Current. See also Exciting current. 

belts in a D.C. machine. 163 

secondary, in induction machine. 132 

Demagnetization and distortion. See Reaction. 

Demagnetizing reaction, in direct current machines. 164 

in synchronous machines. See Direct reaction. 

Density of flux, definition of. 14 

in teeth, apparent. 101 

DtVi winding. 174 

Dimensions of units, table of.263 

Direct current electromagnet, average tractive effort of.252 

Direct current machine, brush shift. 165,167 

compensating windings for. 174 

compounding in. 170 

current belts in. 163 

demagnetizing reaction in. 164 

e.m.f. induced in. 75 

intcrpoles in. 172 

inductance of coils in. 236 

loaded, field m.m.f. 170 

loaded, flux distribution. 168 

loaded, m.mf. to overcome distortion. 169 

torque. 258-260 

transverse reaction in. 165 

Direct current machines. See also Saturation curves. 

windings, vs. induced e.m.f. 76 

vs. inductance.237 

Direct current motor, speed under load. 171 

Direct reaction. See also Demagnetizing reaction. 

calculation of coefficient of. 158 

definition of coefficient of. 153 

nature of. .. 150 

Displacements, virtual, principle of.249 

Distortion and demagnetization. See Reaction. 

of field in a direct current machine, m.m.f. needed to over¬ 
come. 169 

Distributed windings, advantages and disadvantages of. 66 

definition of. 121 
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Distributed windings, for alternator fields. 121 

e.m.f. of, * See E.m.f. 

m.m.f. of D.C. 165 

m.m.f. of single-phase. 123 

m.m.f. of polyphase. 128 

Eccentric armature, force upon. 248 

Eddy currents, nature of. 40 

prevention of. 41 

separation of, from hysteresis. 53 

Electric circuit, equivalent, torque from. 260 

Electric loading, specific, definition of. 163 

Electromagnet, A.C., average tractive effort of. 254 

average tractive effort of D.C. 252 

lifting. 243 

rotary, torque of. 253 

tractive, force of. 248 

Electromagnetic inertia. 180 

E.m.f., average reactance, as criterion for commutation. 235 

formula for induced. 57 

induced in A.C. machines. 65 

induced in D.C. machines. 75 

induced in an unsymmetrically spaced transmission line.205 

methods of inducing. 55 

ratio. (See Ratio of transformation.) 

ratio in a rotary converter. 78 

regulation in an alternator. 156 

regulation in a rotary converter. 78 

vs. inductance. 185 

Energy, density of, in magnetic field. 240 

lost in hysteresis cycle. 38 

of magnetic field, none consumed in. 177 

stored in magnetic field, description of. 177 

stored in magnetic field, formulae for. 181 

Equivalent electric circuit, torque from.260 

permeance, definition of. 184 

secondary winding, reduced to primary. 133 

Exciting current in an induction motor. 130 

in a transformer vs. magnetizing current. 80 

of a transformer, exciting volt-amperes. 82 

of a transformer, saturated core.. 84 

unsaturated core. 81 

of machinery. See Saturation curves. 

Factor, air-gap, definition of. 90 

in induction motor. 98 

amplitude. f . 84 
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Factor, breadth factor. 65 

leakage, calculation of. 108 

leakage, definition of. 107 

slot factor. 69 

space factor in iron. 41 

winding pitch factor. 71 

Faraday’s law of induction. 57 

Fictitious poles as assumed in synchronous machines. 151 

Field frames, m.m.f. for. 106 

Field, magnetic ( See also Magnetic field). 1 

m.m.f. at no load. See Saturation curves. 

m.m.f. in loaded D.C. machine. 170 

loaded synchronous machines. 148,156 

Field pole leakage, calculation of. 110 

effect of. 108 

effect of load upon. 113 

effect of saturation upon. 112 

Field poles, m.m.f. for. 107 

Figure of loss. 47 

Fleming’s rule. 59 

Flux. See also Leakage flux. 

air-gap, nature of its distribution. 88 

density, definition of. 14 

in teeth, apparent. 101 

description of. 5 

distribution of, in a concentric cable. 189 

in a loaded D.C. machine. 169 

in a loaded synchronous machine. 139 

distortion. See Reaction. 

fringing, definition of. 88 

permeance of. 93 

gliding or revolving. 126 

leakage, definition of. 16 

in induction machine, description of.221 

in revolving machinery, nature of. 86 

refraction. 119 

units of. 6 

Force, lines of magnetic. 2' 

mechanical, in magnetic field, average tractive effort in D.C. 

electromagnets. 252 

formulae for the actual force.... 251 

lateral compression.244 

longitudinal tension.242 

of A.C. magnets.254 

of a lifting magnet.243 

of a tractive magnet. 248 

on an eccentric armature.248 
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Force, mechanical, in magnetic field, on conductors carrying current. . 256 

on transformer coils. 245 

pinch phenomenon.246 

reason for.242 

repulsion between bus-bars.248 

torque in a rotary magnet. 253 

Fourier, method for analyzing waves for their harmonics, used. 124, 161 

Fractional pitch windings, advantages and disadvantages of. 67 

effect on inductance in induction machines . . 225 
effect on inductance in synchronous machines 231 
vs. commutation in direct current machines... 238 

Frequency of commutation. 236 

Fringing, definition of. 88 

Full load m.m.f. in a D.C. machine. 170 

in an induction machine. 131 

in a synchronous machine. 148, 156 

Gauss. 14 

Generator action. 56 

Gilbert. 12,266 

Gliding and pulsating m.m.f. 126 

Harmonics, of e.m.f., in alternating current machines. 72 

vs. voltage ratio in a rotary coverter. 79 

of rectangular m.m.f. wave. 123 

upper, of m.m.f. in an induction machine. 136 

Heart, definition of. 215 

Heating due to hysteresis. 38 

Henry as unit of inductance. 184 

permeance, definition of. 9 

Hering’s experiment. 56 

Hysteresis and saturation, explanation of. 34 

cycle, energy lost in. 34 

irreversible. 34 

description of. 32 

empirical equation for. 48 

loop. 33 

vs. heating. 34 

separated from the eddy current loss. 53 

measurement of. 40 

mechanical analogue to. 36 

Induced e.m.f., formulae for. 57 

in a D.C. machine. 75 

in an-alternator and in an induction machine. 65 

in a transformer. 62 

Inductance and e.m.f., relation between. 185 
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Inductance as electromagnetic inertia. 180 

definition of, and formulae for. 184 

henry and perm as units of. 184 

mechanical analogue of. 185 

of a concentric cable, single phase. 191 

of circuits in the presence of iron. 186 

of coils and loops. 188 

of coils in a D.C. machine. 286 

of synchronous machines, measurement of, in A.C. machines • 

219, 231 

of transformers, constants for. 215 

formulae for.211-214 

vs. the end coils. 213 

vs. the number of coils. 213 

vs. the shape of the coils.212 

of transmission lines, single phase. 199 

three-wire symmetrical spacing.201 

of windings, formula for. 219 

fractional pitch.225 

how measured.219 

vs. commutation. 232 

vs. leakage permeance.184, 219 

Induction, law of... 6, 57 

machines, armature reaction. 131 

e.m.f. induced in. 65 

higher harmonics in the m.m.f. of a. 136 

inductance vs. winding pitch.225 

leakage flux, description of the.221 

leakage permeance, values of the.225 

motor, ratio of transformation in a. 134 

secondary current in a. 132 

torque in.259-260 

of e.m.f., methods of. 55 

Inertia, electromagnetic. 180 

Insulator, magnetic. 17 

Intensity, magnetic, definition of. 13 

Interference. See Armature reaction, and Reaction. 

Interpoles, definition of (See also Computating poles). 172 

Irregular paths, permeance of; how to map field in. 116 

Iron, grades of and their use. 22 

laminations, preparation of. 50 

reason for. 41 

loss, definition of. 42 

effects of. 43 

figure of loss. 47 

magnetization curves.20-24 

properties of, general...20, 32 
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Iron, saturation curves. 20-24 

silicon steel. 49 

space factor in laminations. 41 

used in permanent magnets. 50 

virgin state of. 32 

vs. inductance. 186 

wire cores. 41 

Joints in transformers. 81 

Joulecen, definition of.264 

Kelvin’s law.253 

Knee of saturation curve. 25 

Laminations, grades of. 44 

preparation of. 9 . 50 

reason for. 41 

Lateral compression in the magnetic field.244 

Law of induction.6, 57 

Law, Ohm’s, for magnetic circuit.7 

Laws of circulation.7, 57 

Leakage coil, definition of.215 

factor, calculation of. 108 

definition of. 107 

vs. leakage flux and permeance. 109 

Leakage flux. 16 

about armature windings. 218 

belt, description of. 223 

in field poles, as affected by load. 113 

as affected by saturation. 112 

effect of. 108 

in induction motors, description of. 221 

in transformers. 208 

nature of, in machinery. 86 

zig-zag, description of.223 

Leakage inductance. See Inductance. 

See also Leakage permeance. 

Leakage permeance between field poles. 108 

in induction machines, values of.225 

in synchronous machines, values of.230 

of coils in a D.C. machine.236 

of slots, calculation of. 226 

of windings, formula for.220 

of zig-zag or tooth tip leakage, calculation of.227 

Lehmann, Dr. Th., method of finding permeance of irregular field. 18 

Lifting magnet.243 
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Lines of force. 2 

Linkages, fact of. 3 

as a measure of energy. 180 

partial and complete, definition of. 181 

Load characteristics of alternator, definition of. 141 

Loaded D.G. machine, flux distribution in. 169 

field m.m.f. in. 170 

D.G. motor, speed of a. 171 

induction machine, m.m.f. relations in,. 132 

synchronous machine, flux distribution in. 139 

Loading, specific electric, definition of. 163 

Longitudinal tension in magnetic field. 242 

Loop, hysteresis. 33 

Machinery, core loss in revolving. 46 

leakage flux in, nature of. 86 

Machines, revolving, how torque is produced in. 255, 258 

torque in. 259, 260 

types of synchronous. 63 

Magnets, A.C., average tractive effort in. 254 

average tractive effort in D.G. 252 

lifting. 243 

molecular. 34 

permanent, iron used in. 50 

torque of rotary magnets. 253 

tractive, force of a. 248 

Magnetic circuit, definition of. 3 

Ohm's law for the. 7 

types of, in revolving machinery. 85 

simple. 1 

with iron, in series and parallel. 29 

Magnetic field, description of. 1 

density of energy in. 240 

energy stored in, description of. 177 

formulas for. 181 

formula) for the actual force in a. 251 

formula) for average force in a. 252 

lateral compression in. 244 

longitudinal tension in. 243 

of transmission line, description of... 193 

shape of. 196 

reason for mechanical forces in.. 242 

Magnetic insulation. 17 

intensity, definition of. 13 

relation to m.m.f. 13 

potential. 16 

state. 1 

















































280 


INDEX 


Magnetization curves. (See nho Saturation curves.). . . 

Magnetizing current va. exciting current. 

Magnetism, cause of...... . 

M.m.f. or magneto motive force, definition of 

for air-gap.... 

for armature cores. . ... . . 

for a I).(\ machine to compensate for distortion 

for field frames.... 

for field poles... .... 

for teeth, saturated. . . . .. 
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gliding..... . . . . 
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distributed single phase 

distributed polyphase.. 

relations in an induet ion machine ....... 

a synchronous machine, .. 

wave, harmonics of................ . ........ 

Maxwell, definition of. ... .. 

Measurement of core loss.. 

of hysteresis.. 

of inductance... 

Mechanical analogue of hysteresis..... . ........ 
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force. See Force, mechanical. 

Methods of inducing e.m.f.............. , , ... 

Molecular magnets.. . . 
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Open circuit characteristic. See Maturation curves, 
current. See Exciting current. 

< )verload capacity of a synchronous motor . ... 148 
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definition of. .......... ..... ,,,,. 11 
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Permeability, equation. 24 

of air, discussed. 266 

of non-magnetic materials. 11 

relative. 24 

vs. reluctivity. 11 

vs. saturation. 24 

Permeance, combinations of, in parallel and series. 16 

definition of. 9 

equivalent, definition of. 184 

leakage, in D.C. machines. 236 

in induction machines, values of. 225 

in synchronous machines, values of.230 

measurement of. 219, 231 

of slot, formula for. 226 

of windings, formula for. 220 

zigzag, formula for. 228 

of air-gap, accurate method. 92-97 

simplified. 89 

of irregular paths. 116 

of pole fringe. 94 

of tooth fringe. 93 

units of. 9 

vs. dimensions. 11 

Phase characteristics of a synchronous motor. 142 

relation of m.m.fs. in an induction machine. 132 

in a synchronous machine. 145 

Pinch phenomenon. 246 

Pole face windings, Ryan. 174 

fringe permeance. 94 

Poles, fictitious, assumed in synchronous machines. 151 

non-salient in a synchronous machine.121,143 

salient, definition of. 142 

Potential, definition of. 16 

Potior diagram. 146 

Pulsating and gliding m.m.fs. 126 

Ratio of transformation. 134 

of voltages in a rotary converter. 78 

Rayleigh, Lord, method for finding permeance of a field. 116 

Reactance, equivalent, of an unsymmetrical transmission line.206 

in synchronous machines, nature of. 140 

voltage, average, as criterion of commutation. 235 

Reaction. See also Armature reaction. 

demagnetizing, in a D.C. machine. 164 

direct and transverse, nature of. 150 

calculation of the coefficient of. 158 

definition of the coefficient of. 153 
















































